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NOMENCLATURE 
A Amplitude of temperature oscillations, ® K. 
a^j The number of atoms of element j in component i 
b. The total number of atoms of j originally in 
^ the mixture 
c^ (1) F9/RT + InP 
(2) Concentration of component i, moles/liter 
c.ave. An average for c. over some small increment of 
^ time ^ 
c.^ The initial value of c. lO 1 
Ç Vector of initial mole numbers 
Cp Heat capacity, calories/mole - ® K. 
D Diameter of the combustor 
^ Diffusion coefficient for component i 
D. Residual for atomic type j used in equilibrium 
^ program 
Free energy per mole of i, calories/mole 
F? Standard free energy per mole of i, calories/ 
mole 
f^ Fugacity of component i 
f? Fugacity of component i at some standard state 
Ft Total free energy of a mixture 
Ftn Free energy function, Ft/RT 
Ftn Augmented free energy function, mass balance 
included 
g\(%\) x^(F?/RT + ln[xRT/V] + ln[x^/x]) 
iv 
h^(x^) x^(c^ + Inx^/x) 
h Planck's constant, 6.62X10 erg-second 
Rate constant for reaction i 
K R/Cp 
g Matrix of rate constants 
Partial pressure of component i 
P Total pressure 
q Enthalpy 
Q Volumetric flow rate into combustor, liters/ 
second 
n 
r.. a..a.^x. for j # k = 1, 2, 3, « « « .,ro. 
ij i=l ] 
R^ Volumetric rate of formation of component i 
R (1) Combustor radius 
(2) Gas constant 
S Entropy 
t Time 
t Initial time 
o 
At t - t_ 
o 
T Temperature 
u xa/x - 1 for constant pressure; -5Ea for 
constant volume 
Vg Axial component of the velocity 
V Volume 
x^ Initial guess for equilibrium calculation 
xa^ Moles of component i 
X Sum of the x^ 
V 
xa Sum of the xa^ 
X The vector (x^y Xg, x^, . . . x^) 
XA The vector (xa^y xag, xa^, . . . xa^) 
X Matrix of mole ntimbers 
z Axial distance 
y Stoichiometric ratio 
^ Round-off error 
A Iteration step size 
Viscosity, grams/centimeter - second 
Frequency 
^ Lagrange multipliers 
Mass density, grams/cubic centimeter 
"2 Residence time 
1 
INTRODUCTION 
This general investigation of the chemical thermodynamics 
of oscillatory combustion stemmed from a series of earlier re­
ported experiments regarding the apparently enhanced formation 
of certain atmospheric pollutants during the oscillatory com­
bustion of hydrocarbon fuel. The physical aspects of oscilla­
tory combustion have been summarized in a recent monograph by 
Raushenbakh (54), but the chemical aspects remain a subject of 
great interest. A related subject of great interest is the air 
pollution or smog which plagues many large cities. The smog 
problem has been recognized for some time, but the solution to 
the problem and the factors involved in the process, being some­
what less obvious, have not been fully realized. 
Several groups of researchers have studied the presence of 
eye irritants in smog and have linked their formation to the 
presence of oxides of nitrogen. Blacet (7) has shown that when 
the oxygen to nitrogen dioxide ratio is large, molecular oxygen 
may play an important role•in the formation of such eye irri­
tants as ozone. He proposes the following sequence of photo­
chemical reactions to explain the formation of ozone: 
NO2 + hy -* NO + 0 
0 + O2 - O3 
NO + Og NOg 
NO3 + Og NOg + O3 
or in summary, 30^ 20^ with NOg, NO, and O playing the roles 
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of catalysts and intermediates, and sunlight providing the acti­
vation energy. Haagen-Smit (32) has shown that oxides of nitro­
gen may also act as catalysts in the formation of eye irritants 
from hydrocarbons. He actually produced the odor and eye irri­
tation properties of Los Angeles smog by mixing NO^ and fractions 
of gasoline in a plexiglas vessel. Plexiglas was used to allow 
the full spectrum of sunlight to enter. When 10 ppm. of hydro­
carbons and 4 ppm. of NOg were introduced, the eye irritation 
and odor which resulted were described as comparable to those 
of severe smog. 
Oxides of nitrogen are produced during the combustion of 
hydrocarbons, being formed from nitrogen in the air or impuri­
ties in the fuel. However, pressure perturbations in the burn­
ing gas appear to have a great effect upon the amount of these 
oxides produced. Richter, Wiese, and Sage (56, 57) have pre­
sented evidence to show that when high-frequency pressure oscil­
lations are present in the combustion gases, the residual mole 
fractions of the oxides of nitrogen are apparently increased 
severalfold over those in steady, or oscillation-free, combus­
tion. Richter, Wiese, and Sage, experimenting with a tubular 
combustor, observed oxides of nitrogen concentrations of about 
50 ppm. in the products from the combustion of natural gas (89% 
methane, 7% ethane, 2% propane) and air in a turbulent diffu­
sion flame. This compared to observations of 5 ppm. of oxides 
of nitrogen in the products from the combustion of natural gas 
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in a steady, premixed flame having no apparent perturbations. 
They also observed the highest concentrations of oxides at the 
centerline, where turbulence was apparently at a maximum. The 
tubular combustor was 4 inches in diameter and 162 inches long 
and water jacketed for cooling. Natural gas was forced through 
a perforated copper plate and ignited with a sparking device. 
Air could be mixed with the gas before entry or could be injec­
ted from a side port. Several ports were available along the 
length of the combustor for visual observations or for sampling. 
Their samples of the combustion products were usually taken 
about 100 inches from the flame holder at a gas temperature of 
about 1400° F., using a pitot sampler. Orsat analysis was used 
to measure CO, COg, and Og. Total oxides of nitrogen were 
measured using the phenol-disulfonic acid method. The samples 
were rapidly quenched to impede further reaction or decomposi­
tion of the oxides of nitrogen. 
Richter, Reamer, and Sage (55), using the same combustor, 
measured the pressure oscillations in the combustor using a 
condenser-type pressure transducer and showed that the frequency 
of the perturbations apparently had a greater effect on the for­
mation of oxides of nitrogen than the magnitude of the pertur­
bations. They observed measured nitrogen oxide concentrations 
of about 60 ppm. for perturbation frequencies of about 900 cycles/ 
sec. (Hz.) as compared to only 10 ppm. for perturbation frequen­
cies of about 30 Hz. 
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Seagrave, Reamer, and Sage (61) measured the average re­
action pressure in a smaller combustion tube 24 inches in length 
and 1 inch in diameter as a function of mixture ratios and found 
that for mixture ratios below about 100% and above 130% of the 
stoichiometric ratio, the average pressure was about 47 lb. per 
sq. in. abs. Between 100% and 130%, the pressure dropped to 
about 30 lb. per sq. in. abs. Below 100% the combustion was 
characterized by an oscillation frequency of about 533 Hz.; be­
tween 100% and 130% the frequency was about 484 Hz.; and above 
130% the frequency observed was 570 Hz. However, the amplitude 
of the pressure oscillations was much greater between 100% and 
130% than either above 130% or below 100%. The effect of these 
oscillations on rapidly quenched samples containing oxides of 
nitrogen was similar to that observed in the larger combustor. 
They also investigated the thermal transfer to a coolant 
surrounding the combustor as a function of mixture ratio and 
found that thermal transfer was markedly highest near mixture 
ratios of 100% of the stoichiometric ratio, which was attributed 
to the increase in the amplitude of the pressure oscillations in 
this range of mixture ratios. 
Seagrave and Sage (63) investigated the phase relationship 
between the pressure perturbations occurring at two different 
longitudinal distances in the larger combustor mentioned above. 
They showed that the amplitude of the pressure perturbations 
increased with longitudinal position. They also measured the 
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apparent temperature at several radial positions for a point 76 
inches from the flame holder and 100 inches from the flame hold­
er, using a shielded thermocouple. The apparent temperature at 
the centerline was 1530° F. at 100 inches and 1850° F. at 76 in­
ches. The high-frequency oscillations of the local temperature 
associated with the pressure perturbations were not measured 
directly, due to the slow response of the thermocouple. These 
temperature oscillations were estimated by thermodynamic methods 
to be on the order of 30° F. Seagrave and Sage also measured 
the effect on pressure perturbations of the addition of finely 
divided alumina. They found that increased weight fractions of 
alumina caused a decrease in pressure perturbations until at a 
weight fraction of alumina of about 0.03 no perturbations could 
be detected. This phenomenon tended to suggest that the viscous 
dissipation mechanism of energy transfer played a significant 
role in oscillatory combustion. Their phase measurements could 
not be explained by simple linear acoustics, because the fre­
quencies observed are associated with much lower temperatures 
than were observed in the combustor. In addition, the relative 
magnitude of the pressure perturbations (about 5% of the ambient 
pressure) precluded the use of simple linear theory. They con­
cluded that a vortex motion was probably superimposed on the 
system flow and that this could be the reason for the low fre­
quencies observed. 
In another experiment, Seagrave, Reamer, and Sage (62) 
made spectroscopic observations of the oscillations in 
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concentrations of certain species present in the combustion 
gases in the larger combustor. There was an apparent phase 
relationship between the measured intensities produced by the 
emission bands of water and carbon dioxide and the pressure 
perturbations. Measurements of the total optical intensity in­
dicated significant perturbations in the temperature. Some 
conclusions regarding deviations from local chemical equilibrium 
were reached, indicating the possibility of coupling between 
the physical and chemical processes. 
Oscillatory combustion is common in many industrial fur­
naces, rocket propulsion systems, and other combustion processes. 
Very severe acoustical oscillations may be produced in these 
processes because they have two independent energy sources — 
mechanical energy from the gas flow, and thermal energy from 
the chemical reaction. The difference in relaxation times be­
tween the mechanical and thermal transport processes leads to 
a coupling phenomenon which apparently can cause localized "hot 
spots." These acoustical oscillations can therefore cause in­
stability and inefficiency in the energy conversion process. 
These instabilities have continued to cause major problems in 
the design and control of rocket propulsion systems. In addi­
tion, industrial furnaces would seem to be a possible large 
source of oxides of nitrogen and partially combusted hydrocarbons 
and thus an important factor in the production of eye irritants. 
As a step toward an overall understanding of the chemical 
processes which take place during oscillatory combustion, it 
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would be a significant achievement to be able to predict the 
concentration of the products of combustion for different values 
of such parameters as oscillation frequency and amplitude, tem­
perature, pressure, and fuel to oxygen ratio. Such calculations 
would be of use not only for controlling combustion in furnaces 
but would also have general applicability in the areas of rocket 
combustion and reactor design. In fact, they need not be limi­
ted to combustion but may be applied to other reactions as well. 
Such calculations have not been made previously. This is 
possibly due to a lack of sufficient computer size and speed 
and a lack of reaction rate data. A major portion of the liter­
ature on rate constants related to this work has been published 
in the last ten years. The development of larger high-speed 
computers has only recently made it possible to accurately solve 
the complicated systems of equations with fine enough resolu­
tion to achieve significant results. 
Calculations for an oscillating system will consist of 
two parts — a calculation of equilibrium compositions and a 
calculation of the dynamic or time-varying compositions which 
takes into account the kinetics of the chemical reactions in­
volved, the flow characteristics of the system, and the tran­
sient behavior induced by the pressure-temperature oscillations. 
The equilibrium compositions represent an envelope relative to 
which the kinetic results can be evaluated. Significant devi­
ations from equilibrium and from steady flow can occur in flow 
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systems such as those described above, and estimates of these 
deviations can be useful in interpreting experimental data and 
also in the design and operation of combustion systems. 
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EQUILIBRIUM CALCULATIONS 
It is very important to be able to calculate the equilibrium 
compositions for each of the chemical entities involved in the 
systems under study. These equilibrium compositions are neces­
sary as initial or boundary conditions for the solution of the 
kinetic rate equations and for obtaining consistency among the 
rate constants which are found in the literature. The latter 
use of the equilibrium compositions is extremely important, be­
cause rate constants are obtained from many sources and great 
disagreements often occur. 
Two major methods of equilibrium calculation are found in 
the literature. The older or classical approach involves the 
use of equilibrium constants and individual material balances 
(35)t while a more recent approach is based on the minimization 
of the total free energy of the system (50, 68). The method 
which employs the equilibrium constants expresses the abundance 
of certain chosen chemical species in terms of other chosen or 
more abundant chemical species. It also requires some previous 
knowledge of the chemical reactions involved and the approxi­
mate abundance of some of the reacting species. The free energy 
minimization method makes no initial distinction between the 
abundance of the chemical species, requires no reaction scheme, 
and therefore requires little or no intuition in carrying out 
the calculations. This is especially important for reactions 
in which the concentration of one of the reactants approaches 
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zero at equilibrium. This offers no difficulties in setting up 
the free energy calculations, whereas with the equilibrium con­
stant method, if a reactant approaches zero concentration the 
equilibrium constant approaches infinity. In addition, the free 
energy minimization method requires less data, has less compli­
cated calculations, is more accurate for the calculation of 
trace components, and lends itself well to digital calculation. 
The free energy minimization method will therefore be used ex­
clusively in this work. The basic approach used is attributable 
to White, Johnson, and Dantzig (68). Virtually all of the ther­
modynamic data required for all of the systems of interest may 
be found in the JANAF tables (39). 
Theoretical Development 
The total free energy of a mixture of gases can be ex­
pressed as a sum of the free energy contributions from each of 
the constituent gases. If Ft is the total free energy of a 
mixture of n different gaseous species, 
n 
Ft = ZZ xa.F. (1) 
i=l ^ ^  
where xa^ is the number of moles of gas i present and F^ is the 
free energy contribution per mole of i. From the definition of 
fugacity, 
dF^ = RTdln(f^/f?) (2) 
where f^ is the fugacity of component i, ° refers to a standard 
state, R is the gas constant, and T is the absolute temperature. 
V 
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For an ideal gas, 
dF^ = RTdlnp^ = RTdln([xa^/xa]P) (3) 
where xa is the sum of the xa^, is the partial pressure of 
gas i, and P is the total pressure. Integrating the above equa­
tion from some base state F? to F^ gives 
Fi - F? = RTlntp^/p?) (4) 
where p? refers to the partial pressure of component i corre­
sponding to the base state F?. If F? refers to the pure com­
ponent at one atmosphere, then p9 = 1.0 and 
F^ = F? + RTln(p^) 
= F? + RTlnP + RTln(xa^/xa). (5) 
The total free energy then becomes 
n n 
Ft = IE xa.F. = % xa. (F? + RTln[P] + RTln[xa./xa]). (6) 
i=l ^ ^  i=l ^ ^ 1 
This equation can be simplified by dividing by RT to give 
n 
Ft/RT = ^ xa.(F?/RT + InP + Inxa./xa) = Ftn. (7) 
i^l 1 1 1 
Equilibrium corresponds to a minimum in the total free 
energy function Ftn (See for example Hougen, Watson, and Ragatz, 
34), and the equilibrium composition is determined by finding 
the non-negative vector XA = (xa^, xag, xa^, . . . ., xa^) which 
gives that minimum and at the same time satisfies the material 
balance, 
n 
3'.: j2ca. — b. ] — 1, 2, 3, . . . «, m (8) 
i=l ^ ] 
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where are the stoichiometric coefficients which indicate 
the number of atoms of element j in a molecule of species i, 
and bj is the total number of atoms of j originally in the mix­
ture. 
The program is then based upon the following set of equa­
tions : 
(jptn/Jx^) = 0 at equilibrium for each i. (9) 
n 
Ftn = % (F9/RT + InP + Inxa./xa) (7) 
i=l ^ ^ ^ 
n 
S a..xa. = b. (10) 
i=l ^ J 
To simplify calculations. Equation 7 is linearized by expansion 
in a Taylor series about a point X = (x^, Xg, . . . ., x^) f 0 
which satisfies Equation 10. This gives 
Ftn (XA) = Ftn(X) + (xa.-x.) + 
i^l oJxai I ^a=x ^ ^ 
1 V V ^'^Ftn I 
2 6i èi 1 
(xa^-x^)(xa^-x^). (11) 
It can be shown that 
^Ftn(XA)_ c_. + lnxa_./xa, where c^ = F? . \ va — X 1 X 1 T XTiir f 
^ i RT 
j^Ftn(XA) _ 1/xa, - l/xa , and 
Jxa: 
13 
so that Equation 11 becomes 
n 
Ftn(XA) = Ftn(X) + ^  (c. + lnxa./xa)(xa.-x.) + 
i^l 1 X 11 
1 n . (12) 
n 
Since Equation 10 can be expressed % a..xa. - b. = 0, a set 
i=l ^3 1 D 
of Lagrange multipliers,TT^, can be introduced, and Equation 12 
becomes 
m n 
Ftn(XA) = Ftn(XA) + 2«.(- "ST a. .xa. + b.) . (13) 
i=l ] i=l 1 ] 
Differentiating Equation 13, the result can be set equal to 
zero according to Equation 9. This gives 
ixa7 = (Ci + ln[x^/x]) + (xa^/x^-ici/x) -
m 
S (T^a. . = 0. (14) 
j=l J 
Equation 14 can now be solved for xa^, giving 
_ _ m 
xa. = -(c. + ln[x./x])x. + (x./x)xa + (^T.)x. . 
X i i X X j=X 
n 
Summing over i in Equation 15 and observing that IE a..x. = b., 
i=l ^ ] 
since the x^'s were chosen to satisfy Equation 10, Equation 16 
arises : 
m n 
% 17j;b. = (Cj + ln[x./x]). (16) 
j=l 3 D i=i 1 1 1 
Substituting Equation 15 into Equation 10 and simplifying by 
(15) 
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n 
f OIT ] y k " 1 y 2 y 3  y # # m •  f  Hlj  
n 
setting 
the result is 
^11^1 ^12^2 + . . . . + h^n = 
1—X 
n 
^12^1 ^22" 2 + • • • • ^2m^m ^2^ ^  ^ T^i2^i^*i^ 1—X 
(17) 
+ + V = 
i—X 
where u = xâ/ïË - 1, and h^(x^) = x^(c^ + Inx^/x) . 
The above set of equations, 1 7 ,  together with 16, forms a 
symmetric set of simultaneous equations in the unknowns Xt 2' 
' ' ' *' which can be solved if the relation 
xa = (u+l)x is included. 
Therefore, starting with any positive solution to Equation 
10, X = (x^, Xg, x^, . . . ., x^), h^(x^) can be determined, 
r. . can be found from r. , =Z(a. .a., )x., and the system 17 and 1] 1] 1] IK 1 
16 can be solved for the Ti's and u. Improved values follow 
from Equation 15. These improved values can then be used as 
the initial guess for the next cycle of computation. However, 
care must be taken to avoid negative concentrations. 
By using an additional step, convergence can be assured 
and negative concentrations excluded. If the computed changes 
<4^ = xa^ - x^ are considered to be direction numbers indicating 
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the preferred direction of descent, the distance traveled in 
each iteration can be limited to Xa^^X^I. The largest X is 
chosen that will fulfill the following conditions: 
(1) All mole numbers are positive. 
(2) The directional derivative dF/dX does not become 
positive, indicating that the minimum has not been passed. 
It is very easy to adapt the equations to a constant vol­
ume process which is solved in the same manner. xRT/V is sub­
stituted for its equivalent, P, in the free energy function, 
giving new free energy functions g^, where 
g^ = xa^(F?/RT + InxRT/V + In[xa^/xa]) 
^i x^(F?/RT + InRT/V + Inx^) . (18) 
Substituting g^ for h^ in the set 16 and 17 gives the set 
^11^1 ^12*2 * • • • ^im^m + ^  (x^) + 
1—X 
(19) 
+ '^2ni«2 ' ' ' ' Wm + = = + "m 
1=1 
^1*1 + ^ 2*^2 ^m»'m ^ ^  = "S 
1=1 
where xa = -u. This set can be solved as before. 
It is also possible to modify the equations so that the 
initial guess need not satisfy the material balance. Equation 
10. This is accomplished by defining a "residual" as in a 
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paper by Levine (45). Defining 
n 
D. = X a. .xa. - b. (20) 
3 i=i 13 1 3 
and substituting into 17 and 19, the equations become; 
n n 
^11^1 ^12*^2 • • • • ^ .^^^^il^i'^l 1=1 1=1 
(21) 
="1^1 + ^ "2^ 2 • • • • Wm + ^ a^^h.-D^ 
1—X 1—X 
?, Wi«m + 0 = fE.hi 
1=1 1=1 1=1 
for the constant pressure process, and 
^11^1 ^12*^2 • • • ' ^im'ï'm + ^ = X 1=1 
(22)  
^Im^l ^2m«2 ' ' ^mm"m + 0 " " ^ni 1=1 
n n n 
?,^il*i^l ?T^im*i^m + * = f^L^i 1—X X—X X—X 
for the constant volume process. With the above sets of equa­
tions, either balanced or unbalanced initial guesses may be 
used. The residuals approach zero monotonically except for a 
small round-off error as one iterates toward a solution. It 
can be shown by direct substitution in the above equations that 
the values and of the residual at two consecutive 
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iterations are related by 
Dj+1 = (1  -  X)Dj +XSDj (23)  
where S is the round-off error. Since A approaches 1 as the 
minimum free energy solution is approached, approaches zero 
as the solution is approached. The computation using balanced 
initial guesses (i.e., guesses which satisfy Equation 10) re­
mains as before, since for balanced guesses the D^'s will be 
zero. 
Results 
A computer program has been developed which is based upon 
Equations 20, 21, and 22 (See Appendix C) and will thus handle 
either constant volume or constant pressure processes. The de­
sired mode is chosen by an examination of the value of P in the 
input data. If P is read in as zero, the process is calculated 
as a constant volume process; for any other value of P the cal­
culations are carried out for a constant pressure process. The 
results obtained for a constant pressure process agree to six 
decimal places with the results of an equivalent constant volume 
process. The program has proven effective for equilibrium cal­
culations on hydrazine oxidation, oxidation of carbon monoxide 
in oxygen and air, and methane combustion at high temperatures 
and for stoichiometric ratios from 0.4 to 1.2. Values are pre­
sented in Appendix B for several systems of interest. 
A similar program has been written which includes the IBM 
Math Pac subroutines DATSE and DALI. This program interpolates 
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the table of free energy values for each component and thus al­
lows the user to make calculations at any intermediate temper­
atures. This is highly desirable, since most tables of thermo­
dynamic data, including the JANAF tables (39) used in this work, 
give values at 100° intervals. Listings of both programs can 
be found in Appendix C, and user decks are available from either 
the author or Dr. R. C. Seagrave, Chemical Engineering Depart­
ment, Iowa State University. In addition, a user's manual has 
been written and is in the process of being duplicated. 
Equilibrium calculations for the products of methane com­
bustion at 540® R. required many small iterations, and X at no 
time attained a value of 1.0. This might be explained by the 
fact that the reactions at this temperature are very slow 
(equilibrium may not be reached in a few days), and thus a sharp 
minimum in the free energy concentration may not exist. In any 
case, since X does not attain the value 1.0, the residuals do 
not approach zero and unbalanced guesses should not be used. 
Calculations made with balanced guesses are terminated by the 
condition that the difference between the total free energy of 
two successive iterations is less than 0.001 is of the 
order of 400). This is a valid requirement for a minimum, but 
since there are few data with which to compare combustion 
equilibria at this temperature, it cannot be verified. 
19 
Initial Values 
In the interest of determining the effect of the initial 
values on the final iterated solution, three sets of initial 
values were chosen for the combustion of methane with a stoi­
chiometric ratio of air at 2200° K. and a pressure of 1 atm. 
In the first set of values, the total free energy was maximized. 
That is, the components which had the lowest free energy func­
tion (h^ = c^ + Inx^/x) were made small. The second and third 
sets of values were chosen by assuming that CH^, NO, H^, CH, H, 
O, and Og would be small and setting them equal to 0.01 or 0.1. 
The iterations necessary to reach the minimum free energy for 
each case were 28, 24, and 26 respectively. The minimum of the 
free energy functions, Ftn = Ft/RT, for each case were 
-350.0954, -350.0952, and -350.0952 respectively. These free 
energy functions have units of moles because of the division by 
RT. The equilibrium concentrations obtained for these initial 
guesses are shown in Table 1 and are compared with results ob­
tained by Hottel, Williams, and Satterfield (35), who used the 
classical equilibrium constant method for their calculations. 
The calculations included and NOg, but mole fractions of 
these components were less than 5X10 even for combustion 
with 100% excess oxygen and pressures of 50 atm. 
In general, the initial guesses do not affect the final 
results if they are made within the following guidelines: 
(1) No component may be initially zero. 
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(2) The total free energy for the initial guesses must 
be greater than the minimum free energy. 
The latter requirement is perhaps more than obvious. 
Table 1. Results of initial value test 
Mole frac- Small quantities From Hottel 
speSief minimization o,oi o.l et (35) 
HgO 0.186121 0.186134 0.186138 0.18420 
Hg 0 .001802 0.001795 0.001799 0.00320 
H 0 .000141 0.000141 0.000141 0.00032 
0  0.000127 0.000127 0.000127 0.00019 
Og 0 .004559 0.004555 0.004547 0.00416 
OH 0 .002353 0.002344 0.002334 0.00257 
NO 0.001848 0.001842 0.001846 0.00180 
Ng 0.708464 0.708475 0.708481 0.70914 
CO 0.010379 0.010386 0.010365 0.00824 
COo 0.084188 0.084200 0.084223 0.08618 
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DYNAMIC CALCULATIONS 
To investigate the effects of temperature and pressure 
oscillations on the concentrations produced in a flow combustor, 
it is necessary to solve for the dynamic, or non-equilibrium, 
compositions as a function of time and position. 
Calculations have been made for a model combustor in which 
premixed hydrocarbon fuel and air or oxygen are burned. The 
combustor may be considered as having three separate parts char­
acterized by the average temperature behavior in each part. 
The first section is called the flame or combustion section and 
has an average temperature equal to the flame temperature of 
the particular fuel-oxidizer system used. In the next section, 
a large portion of the heat content of the gases is removed by 
external cooling, and the average temperature decreases with 
time until the gases reach the end of this section, where they 
attain some exhaust temperature. The second section has been 
called the cooling section. In the final section the average 
temperature remains at the exhaust temperature, and the section 
has thus been called the exhaust section. 
The model combustor considered in this work is based on 
the combustor depicted in Figure 1, which is similar to that 
used in the works by Sage and co-workers (54, 55, 56, 60, 61, 
62) described in the introduction. Figure 1 also shows a 
schematic diagram of the model combustor. Based on the previ­
ously reported measurements by Sage et , the following 
Fuel 
"Âir "TT 0 
JOU 
COMBUSTOR 
B 
Zone I Zone II Zone III 
Flame Section Cooling Section Exhaust 
Section 
Ob 
Back-mix 
Reactor 
MODEL 
1-J db 
Plug Flow Reactor Back-mix 
Reactor 
N} 
to 
Figure 1. The combustor model 
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lengths have been assigned to the three sections: 
Combustion section 1 ft. 
Cooling section 10 ft. 
Exhaust section 0.1 ft. 
All computations are made for a total mass flow rate of 
0.8 lb. per sec. per sq. ft. The conditions which result for 
natural gas-air combustion in the combustor of Figure 1 with 
this flow rate are summarized in Table 2. Figure 2 shows how 
the physical properties vary with length. 
The combustion section and exhaust section are considered 
as continuous stirred isothermal back-mix reactors for which 
the material balance for component i may be written 
at- = 0(=io - =1' + RiV (24) 
where V is the volume, Q is the volumetric flow rate into the 
reactor, and is the volumetric rate of formation of species 
1. For a quasi-steady state condition — that is, oscillations 
about some mean temperature — Equation 24 may be written 
- °io' = 
o. = R.-C + o.^ (25) 
where t = V/Q is the residence time. For most of the combustion 
problems considered, Cis long enough so that all the c^'s reach 
flame temperature equilibrium in the combustion section. 
The cooling section of the combustor may be modeled as a 
flow reactor, and assuming angular symmetry and a one-dimensional 
Table 2. Approximations of some of the physical characteristics of the model combustor 
Zone I IIA IIB lie IID III 
Length (ft.) 1. 0 2.5 2.5 2.5 2.5 0.1 
Average temper­
ature (® K.) 2600 2437.6 2080.0 1635.0 1022.0 500.0 
Total time to 
end of zone 
(milliseconds) 
11. 6 44.0 84.0 132.0 217.0 223.6 
Time in zone 
(milliseconds) 11. 6 32.4 40.0 48.0 85.0 6.6 
Average velocity 
(ft./sec.) 86. 3 77.3 62.5 52.2 29.4 15.2 
Average mass 
density (lb./ 
cu. ft.) 
0. 00935 0.0104 0.0122 0.0156 0.0247 0.0505 
Reynolds number 
((^) 7750 8150 8870 13250 15600 16500 
Figure 2. Approximations of some physical properties of 
the combustor model 
Approx. ave. temperature, ° K. Reynolds number [XIO Milliseconds in 
combustor 
to 
ai 
cr 
to 4^ cr» 
Mass density, Ib./ft.^ [XlO^] 
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velocity profile, the continuity equation may be written for 
component i as follows; 
J-r + = F + Bi/Ci'Cj'T) (26) 
where is the rate of formation of component i in moles per 
unit volume per unit time and is the diffusion coefficient 
of species i in the reactor. If steady-state conditions prevail 
at any given point in the reactor, integration over the radius 
produces 
)rdr + 
= I + j 1^(4^ 
jo Jo / o 
f R^(c^,Cj,T)dr. (27) o 
The additional assumption of plug flow drops the terms contain­
ing derivatives of r, giving 
,ftH,rdr + R,(|^). (28) 
Because of the high velocities and corresponding Reynolds 
numbers encountered in the combustor considered, the Peclet 
% 
number for mass transfer is high. Since the Peclet number is 
related to the ratio of the convective mass transfer over the 
mass transfer by diffusion, the remaining integral, which rep­
resents the increase of component i due to diffusion, is small 
and can be omitted, giving 
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dc^ 
"z-è = «i- (29) 
This equation may be expressed as 
dz dCi = r but Vg = (30) 
where t is the flow time, and integrating, 
(31) ! .  -  O . ^  =  j  R^dt. 
J  n  O  
The dynamic equations for the combustor will then be based 
upon the rate equations 25 and 31. These rate equations are a 
set of simultaneous, first-order differential equations. For 
example, the differential rate equations for a simple, five-
component system which describe the combustion of carbon mon­
oxide in oxygen are shown below. 
-k^(CO) (0) + k4(C02) 
d(0,) 
-d^ = 2^2 (O) (O3) - ^ 3(0) (O2) - ^ 5(03) 
d(CO,) 
—3^ = k^(CO) (0) - (COg) 
-k^tCO) (O) - kgfO) (O3) - kgtO) (Og) + k^tCOg) + 
2kg(Og) 
d(0_) 
= -kgfO) (O3) + kgtO) (Og) 
In addition to the reactor equations 25 and 31, which de­
scribe the material balance situation, it should be pointed out 
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that the essence of the problem of determining the effects of 
high-frequency temperature oscillations is contained in the 
treatment of the volumetric reaction terms R^. As the com­
bustion products move through the combustion tube and encounter 
an oscillating temperature field superimposed on the length or 
cooling effect, the associated equilibrium and reaction rate 
constants vary in a very complicated way. The complications 
require in general very small time increments in any accurate 
computation scheme and in turn prohibit any simple explanation 
of expected behavior. 
The relationship between the pressure oscillations measured 
by Sage et (55, 56, 57, 58, 59, 60, 61, 62,$63) and the re­
sulting temperature oscillations can be approximated by examin­
ing basic equilibrium thermodynamic equations. If we neglect 
the entropy of mixing at a point and assume that the entropy of 
the mixture is primarily a function of pressure and temperature. 
Since Cp = (<)q/jT)p and dS = dq/T for reversible processes, 
(&S/^T)p = Cp/T; using this and the Maxwell relation (^S/^P)^ = 
-(^V/^T)p, Equation 32 becomes 
T 
Therefore, if we assume that the process is isentropic, dS = 0 
and 
(32) 
dS = CpdT - (g^)pdP. (33) 
.àl. _ T ,av. 
(jp^s - CpWip" (34) 
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For an ideal gas. Equation 34 becomes 
= = "5) 
The quantity K = R/Cp can be linearized over some small 
range of the variables P and T, and then Equation 35 can be in­
tegrated with suitable boundary conditions. The equation ob­
tained will give an approximate relationship between the temper­
ature oscillations and the pressure oscillations. For example, 
an approximation based upon Equation 35 for the products of 
methane combustion at 2600° K. and an average pressure of 1 atm, 
gives 50® K. for the double amplitude of the temperature oscil­
lation resulting from a pressure oscillation having a double 
amplitude of 1.0 psia. 
Attempts to Integrate Kinetic Rate Equations 
The first methods investigated to solve the reactor equa­
tions mentioned above were based on standard numerical analysis 
techniques. Two programs were written to integrate the rate 
equations directly without any simplification. One of these 
programs used a Runge-Kutta technique and the other a predictor-
corrector method. Both methods worked well but required exces­
sive computer time. In both cases the time increment used must 
be small enough so that the product of the derivative and the 
time increment is less than 1. In this way, errors will de­
crease. If the time increment is too large, errors will accumu­
late. Since the rate constants for the reactions of combustion 
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are large (of the order of 10^ milliseconds), the time incre­
ment must be of the order of lO"^ milliseconds. The total res­
idence time in the model combustor is about 200 milliseconds. 
This means that 10^X200 = 2X10^ separate steps must be made to 
calculate through the entire combustor. In both the Runge-
Kutta and predictor-corrector programs written for a five-
component system, one time step required 0.05 seconds of compu­
ter time. In order to calculate through the entire length of 
the combustor 0.05X2X10® = 1X10^ seconds, or about 28 hours of 
computer time, are needed for each set of conditions investiga­
ted. This far exceeded the time available to the author, so 
these methods had to be rejected. 
Simplification of the Rate Equations 
The kinetic rate equations may be written generally as 
ÇEkij(T)c.o. (36) 
where c^ is the concentration of component m in moles/liter 
and has units of liters/mole sec. (second order). If over 
a short time period the concentration of component i does not 
change greatly, an average value for component i can be incor­
porated in the rate constant k^^j as follows; 
k..(c.,T) = k..(T)c.ave. 
XJ X XJ X 
I 
Notice that k.. is valid only for that time period and must be 
I 
recalculated for each new time period. Now k.. has units of 
XJ 
31 
sec.~^ and Equation 36 becomes 
d^ = ^ ^mj°j* (37) 
The subscript m is necessary on k^j, since in general 
^mj ^  ^ m+l,]' 
This procedure is equivalent to making the higher order reactions 
a sum of pseudo-first-order reactions. 
For a constant volume reaction. Equation 37 may be rewritten 
dx ^ 
af = Z (38) 
where x^ is the number of moles of component m. In matrix form 
this becomes 
dx 
~ = Ex, x(o) = Ç. (39) 
Bellman (5) has shown that the above equation has the solu­
tion X = Xc where X is the solution to 
d^ 
^ = gg, g(o) = I, where g is the unit matrix. (40) 
Therefore, the solution becomes 
g = expij Kdt), or 
X = exp( f  Kdt)c. (41) 
J o  ~   
The problem now becomes one of evaluating an exp(^) where A is 
a matrix. The accepted practice is to expand it in a power 
series as follows: 
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exp(^) = (î + A + ^  + (42) 
2 Ï  T T  
The expansion step determines the size of the time period. If 
t is too large, an excessive number of terms must be computed 
to obtain the required accuracy. 
A program was written based upon Equation 41; it worked 
well when a loop was included to evaluate the choice of (c^)ave. 
and correct it. However, it required 5 seconds of computer time 
to calculate 0.1 millisecond of residence time. For a combustor 
with a residence time of 200 milliseconds 10,000 seconds would 
be required, or about 2.8 hours per data set. Although this is 
an order of magnitude improvement on the Runge-Kutta method, it 
is still excessive, and an alternate scheme had to be developed. 
One-step Integration Routine 
Because of the excessive time requirements of the previously 
described methods, it was decided to base the calculation of the 
dynamic concentration of each component upon a simplified one-
step integration technique. Those components resulting from 
fast reactions (reactions having time constants much smaller 
than the time increments employed in the computation scheme) 
were assigned the equilibrium value at that temperature. For 
the others, a simplified integration technique was used. For 
example, the rate equation for a certain component may be 
dX4 
at" ° -ki*l*4 - "2*4*5 " "3*4*2 + "4*3 * ^ "5*2- (43) 
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This may be written 
dx-
at- + + k2*5 + k3*2'%4 = '^4*3 * (44) 
Over a small time period (i.e., a small temperature change) 
the can be considered constant and equal to an average value. 
The x^, x^, and x^ can be approximated, depending each in 
turn upon its size and how rapidly each is changing. Those which 
result from fast reactions have already been set equal to the 
equilibrium value at the given temperature. The others are set 
equal to the best value available, either the value from the 
previous time increment or the value in the given time increment 
if it has already been calculated. This approach could make the 
results sequence dependent (that is, a function of the order in 
which the components are calculated), but if the time increment 
is small the difference due to sequence should be very small. 
This was proven to be the case for all of the combinations of 
systems and time increments investigated. 
Equation 44 may now be written 
dx. 
V • + Fx. = E (45) 
and integrated from t^ to t, giving 
x^(t) = x^(t^)e^^^o + E/F(l-e^^^o ^^ ) , or 
X4(t) = (x^Et^] - E/F)eF(to-t) + E/F. (46) 
Since t^-t is merely (-At), Equation 46 can be written 
Xj.lt) = - E/F) exp(-AfF) + E/F. (47) 
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This is a completely general equation and may be used for any 
by merely redefining E and F. 
The computation then proceeds by calculating rate constants 
at the midpoint of the time increment, calculating E and F, and 
finding at the end of the time increment from Equation 47. 
This value then becomes the initial value for the next time step. 
In the systems considered, frequency effects on the order of 
1000 Hz. were of interest, so time increments of 0.05 milli­
seconds (20 points/cycle) were used in the computation. 
Cumulative time averages were computed for the combustion 
and exhaust sections, and arithmetic averages for the cooling 
section. It was necessary to use simple arithmetic averages in 
the cooling section so that the local averages would not depend 
upon the length of the combustion section. A listing of the 
program which was written to perform the above calculations may 
be found in Appendix C. 
Quasi-equilibrium Computations 
In the cooling section of the combustor, it is difficult 
to determine the extent of reaction — that is, how close to 
the equilibrium value the concentration of each of the components 
gets. For fast reactions, the concentration of the components 
involved will always be near the equilibrium concentration, but 
for slow reactions the resulting components will lag behind the 
equilibrium value, which of course changes with time as the 
average temperature does. In any case, it is desirable to 
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consider the effects of cooling apart from the effects of the 
oscillations. 
Computations have been made which base the rate of change 
of the concentration of a component on the instantaneous rate 
constant and the offset from equilibrium. Using the example of 
carbon monoxide combustion in oxygen, the "quasi-equilibrium" 
concentration for component 4 becomes 
x^(t) = (x^[t^l - E/R) exp (-At'F) + E/F 
where E = k^ftlXgCt^) + 2kg(t)X2(t^), and 
F = k^ftix^Ct^) + kgttjxgftg^ + kgCtlXgft^). 
A program listing for this method may be found in Appendix C. 
Calculations of average values were made as in the dynamic 
program. 
Point-to-point Equilibria 
Examination of the equilibrium data in Appendix A has shown 
that they can be satisfactorily expressed with good accuracy as 
an exponential function of inverse temperature (equilibrium con­
centration = A exp[-B/T]), where the values of A and B are 
functions of the species involved. When all the equilibrium 
concentrations are in this form, it is a simple matter to com­
pute the equilibrium concentration at each point in the combustor. 
Averages were computed as in the other programs. A listing for 
the program which calculates point-to-point equilibria may be 
found in Appendix C* 
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Results 
Point-to-point equilibrium., quasi-equilibrium, and dynamic 
calculations were made for several systems of interest. The 
first was a five-component system containing the principal prod­
ucts of carbon monoxide-oxygen combustion. Details regarding 
the formulation of the reaction rate expressions for this and 
the subsequent systems discussed are presented in Appendix A. 
The time average of the exit concentrations is presented for 
each component in Table 3 for temperature oscillation amplitudes 
of 15® and 0® at a frequency of 1000 Hz. Results are in moles 
per mole of CO initially present. Equilibrium compositions at 
several temperatures may be found in Table 12 in Appendix B. 
No significant increase was observed due to the increase in 
temperature oscillation amplitude for this simple system; how­
ever, there is a marked increase in the exit concentration of 
monatomic oxygen obtained from dynamic calculations over that 
of both the quasi-equilibrium calculations and the local equi­
librium as represented by the point-to-point equilibrium cal­
culations. The concentration of ozone is too small for any 
deviations to be significant. Computations were made for a 
flame temperature of 2600® K. and an exhaust temperature of 
500® K. Since experimental observations (63) indicated that 
the pressure oscillations increased with length in the combus-
tor as the temperature decreased, it was decided to keep the 
amplitude of the temperature oscillations constant along the 
length of the combustor. 
Table 3. Time averaged exit concentrations^ in the CO-O. system at a frequency of 
1000 cycles/sec. where = 1.0 
Dynamic Quasi-equilibrium Point-to-point 
equilibrium 
A = 15.0 A = 0.0 A = 15.0 A = 0.0 A= 15.0 
CO 0. 158X10"^^ 0. -15 123X10 0 .123X10"^^ 0. 123X10"^^ 0.158X10"^^ 
^2 0. 102x10"^^ 0. 800X10"^® 0 .797X10"^® 0. 800X10"^® 0.102x10"^^ 
8
 
to
 1. 0 1. 0 1 .0 1. 0 
0
 
H
 
0 0. 215X10"^ 0. 214X10"^ 0 .672X10"^ 0. 671X10"= 0.198X10"^° 
O3 0. 366X10"32 0. 
-32 
186X10 0 .206X10"36 0. 814X10"35 0.181X10"^^ 
®Moles per mole of CO initially. 
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It should be noted that the extrapolated rate constants 
used for the reaction CO + O COg and the reverse reaction 
COg —» CO + 0 are higher at 500° K. than one would expect from 
the slow oxidation rate normally associated with carbon mon­
oxide at such a low temperature. This points out a serious 
lack of good rate data at low temperatures. The rate constants 
at 2600® K. are of the correct order of magnitude, indicating 
that the value of the temperature coefficient taken from the 
literature cannot be applied over such a wide range of temper­
atures . 
Similar calculations were made for the chief products of 
the combustion of carbon monoxide in air. Table 4 shows the 
exit concentration for each component that results from point-
to-point equilibrium calculations. Values are given for J's 
of 0.8, 1.0, and 1.2 where ï is the stoichiometric ratio of 
oxygen to fuel, with a jr of 1.2 being a 20% excess of oxygen. 
Equilibrium compositions for this system at several temperatures 
may be found in Tables 15, 16, and 17 in Appendix-Bv In Figure 
3 the time average of point-to-point equilibrium calculations 
is plotted as a function of time in the combustor for NO. The 
plot for NO is representative of changes in equilibrium with 
time in the combustor obtained for other components. Figures 
23 and 24 are similar plots for NO^ and 0 respectively. They 
may be found in Appendix B. 
Time averaged exit concentrations for dynamic, quasi-
equilibrium, and point-to-point equilibrium may be found in 
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Table 5. These computations were made for a combustor tempera­
ture of 2600® K. and an exit temperature of 500* K. at a fre­
quency of 1000 Hz. with )S equal to 1.0. In addition. Figures 
4, 6, 1, and 8 show time averaged dynamic concentration as a 
function of the time in the combustor for NO, NOg, 0, and N 
respectively. Figure 5 is a continuation of Figure 4, having 
a larger scale to follow the concentration changes to the exit 
of the combustor. Plots for y equal to 1.0 and 1.2 are in­
cluded in each figure. The data for oscillations having an am­
plitude of 15® K. were not significantly different from the data 
which resulted from no oscillations. 
Table 4. Time averaged point-to-point equilibrium concentra 
tions^ at the exit for the CO-air system 
ir = 0.8 
0
 
r-
H II 
I 
Jr= 1.2 
CO 0.2000 0.259X10"^^ 0.553x10"^° 
^2 0.414X10"* 0.216X10"^^ 0.100 
0.800 1.00 1.00 
^2 1.5 1,88 2.257 
NO 0.410X10"31 0.475X10'^® 0.721X10"10 
NO2 0.115X10"56 0.186X10"22 0.181X10"^° 
N 0.195X10"*^ 0.280X10"** 0.379X10"52 
0 -44 0.808X10 0.865X10"^° -24 0.977X10 ^ 
°3 0.0 0.140X10"*° 0.316X10"^* 
^oles/mole of CO initially. 
Table 5. Time averaged exit concentration^ for the CO-air system where V= 1.0 and 
the frequency is 1000 cycles/sec. 
Compound Dynamic 
A = 15.0 A = 0 
Quasi-equilibrium 
A = 15.0 A = 0 
Point-to-point 
equilibrium 
A = 15.0 
CO • 0. 259X10" •15 0. 959X10 -16 0. 931X10 -16 0. 959X10' 16 0 .259X10" 15 
^2 0. 216X10"^^ 0. 821X10 
-16 0. 793X10 -16 0. 821X10" 16 0 .216X10" 15 
CO2 1. 0 1. 0 0. 100X10 1. 00 1 0
 
0
 
^2 1. 88 1. 88 1. 
CO CO 
1. 88 1 
CO C
O 
NO 0. 117X10" 5 0. 117X10 -5 0. 468X10 -8 0. 467X10" 8 0 .475x10" 16 
NO2 0. 756X10" 28 0. 946X10 
-28 0. 560X10 -23 0. 549X10" 23 0 .186X10" 22 
N 0. 525X10" 18 0. 516X10 -18 0. 346X10 -20 0. 396X10" 20 0 .280X10" 44 
0 0. 545X10" 6 0. 538X10 -6 0. 214X10 -8 0. 211x10" 8 0 .865X10" 30 
O3 0. 218X10" 
11 0. 221X10 -11 0. 877X10 -14 0. 888X10" 14 0 .140X10" 40 
®Moles/mole of CO initially. 
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Figure 3. Time averaged point-to-point equilibrium for NO 
in the CO-air system 
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A = 15.0° K 
Frequency = 1000 Hz. 
40 60 80 100 
Milliseconds in combustor 
120 
Figure 4. Time averaged dynamic concentration of NO in the 
co-air system 
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1000 Hz 
Figure 5. Time averaged exit concentration of NO in CO-air 
system 
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A = 15.0° K. 
Frequency = 1000 Hz 
20 40 60 80 100 
Milliseconds in combustor 
Figure 6. Time averaged dynamic concentration of NOg in the 
co-air system 
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Frequency = 1000 Hz. 72 
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Figure 7. Time averaged dynamic concentration of O in the 
CO-air system 
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A = 15.0° K. 
Frequency = 1000 Hz, 
20 40 60 80 100 
Milliseconds in combustor 
120 
Figure 8. Time averaged dynamic concentration of N in the 
co-air system 
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The deviation from local equilibrium which is evident in 
Table 5 is shown more graphically in Figures 9 and 10, where 
the log of the time averaged concentration is plotted as a 
function of the time in the combustor for dynamic calculations 
and point-to-point equilibrium calculations. Figure 9 is for 
NO concentration and Figure 10 is for 0 concentration. The dy­
namic concentration of NO becomes significantly higher than the 
equilibrium after about 110 milliseconds. The approximate tem­
perature here is 1600° K. In the case of O, this departure 
occurs at about 80 milliseconds, where the temperature is ap­
proximately 1900° K. 
A comparison of the time averaged exit concentrations for 
an oxygen-fuel ratio of 1.2 is shown in Table 6. No signifi­
cant increase due to amplitude is noticeable. In addition, dy­
namic calculations were made for an oscillation frequency of 
2000 Hz, at an amplitude of 15° K, and for a frequency of 1000 
Hz. at an amplitude of 30° K. The exit concentrations are shown 
in Table 7. The same table contains the time averaged exit con­
centrations for calculations made by decreasing the time incre­
ment by one half (from 0.05 milliseconds to 0.025 milliseconds). 
This calculation was made to determine the effect of the size 
of the time increment on the results. It is apparent that smal­
ler time increments do not significantly change the results of 
the calculation. 
Figure 11 is a plot of time averaged concentrations of NO 
as a function of time in the combustor for frequencies of 
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Figure 9. A comparison of dynamic, point-to-point, and quasi-
equilibrium time averaged concentrations of NO in 
the co-air system 
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Figure 10. A comparison of dynamic, point-to-point, and quasi-
equilibrium time averaged concentrations for O in 
the co-air system 
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Frequency = 
2000 Hz 
Frequency 
1000 Hz 
Figure 11. The effect of frequency on the dynamic time 
averaged concentration of NO in the CO-air system 
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Table 6, Time averaged exit concentration in moles/mole of CO 
initially for f = 1.2 at a frequency of 1000 Hz. 
Compound Dynamic 
A = 15.0 A = 0.0 
CO 0.553X10"^° 0.138X10"20 
^2 0.1 0.1 
CM 
8
 1.0 1.0 
^2 2.257 2.257 
NO 0.418X10"^ 0.417X10"^ 
§ to 0.536X10"^® 0.468X10"^^ 
N 0.662X10"21 0.322X10"21 
0 0.162X10"^ 0.162X10"^ 
0, 0.138X10"^° 0.730X10"21 
Table 7. Time averaged dynamic concentration^ for = 1.0 in 
the co-air system 
Compound A = 30 A = 15.0 A = 15.0 
FR = 1000 FR = 2000 FR = 1000 
1/2 size 
0.932X10'^^ 0.555X10'^^ 0.134X10"^^ 
0.352X10"^^ 0.218X10"^^ 0.435X10"^® 
CO 
Oo 
^oles/mole of CO initially. 
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Table 7 (Continued) 
Compound A = 30 
FR = 1000 
A = 15.0 
FR = 2000 
A = 15.0 
FR = 1000 
1/2 size 
CO^ 1.0 1.0 1.0 
N2 0.188X10^ 1.88 1.88 
NO 0.116X10"^ 0.116X10"^ 0.116X10"^ 
NO^ 0.312X10"28 0.563X10"28 0.551X10"2G 
N 0.593X10"^^ 0.574X10"^® 0.474X10"^® 
0 0.567X10"® 0.545X10"® 0.540X10"® 
O3 0.205X10"^^ 0.213X10"11 0.215X10"^ 
1000 Hz. and 2000 Hz. and an amplitude of 15® K. The differ­
ence between values resulting from 1000 Hz. and the values from 
2000 Hz. at high temperatures amounts to from 5 to 7% of the 
total concentration and decreases to become insignificant at 
the exit (Tables 5 and 7). 
Dynamic calculations were made for a 13-component system 
which included the products of the combustion of methane in 
air. The chemical reaction equations involved and associated 
rate equations may be found in Appendix A. Calculations were 
made for an oscillation frequency of 1000 Hz. and for oscilla­
tion amplitudes of 0.0, 15.0, and 120.0® K., which would cor­
respond to pressure oscillations of 0, 0.3, and 2.4 psi. A 
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significant effect due to amplitude may be seen in Figures 12 
through 21, which are plots of time averaged concentration 
versus time in the combustor. Of particular interest is the 
cross-over observed in the concentration of O in Figures 15 and 
16. The plot for an oscillation amplitude of 120° K. starts 
below those having amplitudes of 0.0 and 15.0® K. and crosses 
over at about 70 milliseconds to become higher. The reason for 
this is not immediately obvious and reflects the complexities 
of 28 simultaneous chemical reactions. Table 8 contains the 
time averaged exit concentrations for all three amplitudes. 
A 10% increase in NO concentration, an 84% decrease in 0, and 
a 50% increase in are significant. The importance of the 0 
concentration behavior in combustors is especially important 
when the role of that species in the formation of smog, as sug­
gested by Blacet (7) and discussed in the introduction, is re­
called. 
In general, the effect of oscillation frequency is not 
significant for this combustor. The effect due to increased 
amplitude, however, is significant and increases with increased 
temperatures. In the flame several components are enhanced — 
for example, NOg, Hg, and OH (See Figures 14, 18, and 20). In 
the same region of the combustor, increases in amplitude appear 
to decrease the level of O. 
However, for this particular combustor the exit conditions 
tend to control the concentration of each component in the ex­
haust. A higher exhaust temperature would increase the exit 
54 
2 2  
1000 Hz. Frequency 
n o 18 
•H 
X 
>1 fH 
I—I 
m 
14 
•H 
c 
•H 
œ 
u 15 
(U 
rH 
g 
\ 
(0 0) 
I—I 
a 
A = 120 
40 20 100 80 60 
Milliseconds in combustor 
Figure 12. The effect of amplitude on the time averaged 
dynamic concentration of NO in the CH^-air system 
55 
24 
1000 Hz Frequency 
20 
m 
o 
r4 
120.0° K. 
•H 
•H 
C 
•H 
Wl2 
15.0° K. 
100 120 140 160 180 200 
Milliseconds in combustor 
Figure 13. The effect of amplitude on the dynamic time aver­
aged concentration of NO near the exit in the 
CHj-air system 
56 
o 
1—i 
X 
iH 
m 
•H 
+J 
•H 
C 
•H 
« 
U 
0 
Q) 
I—I 
1 
m (D 1—1 
S 
Frequency = 1000 Hz 
Milliseconds in combustor 
Figure 14. The effect of amplitude on time averaged dynamic 
concentration of NO^ in the CH^-air system 
57 
32 
28 
"sr 
o îH 
X 
H 24 
rS 
nj 
•H 
+) 
•H 
C 
•H 
m 20 
o 
44 
O 
I 
0) Q) 
r4 
S 
16 
12 
V= 1.0 
Frequency = 1000 Hz, 
J. ± X X 
20 40 60 80 
Milliseconds in combustor 
100 
Figure 15. The effect of amplitude on the time averaged 
dynamic concentration of 0 in the CH^-air system 
58 
10 % = 1.0 
Frequency = 1000 Hz, 
100 120 140 160 
Milliseconds in combustor 
180 
Figure 16. The effect of amplitude on the time averaged 
dynamic exit concentration of O in the CH.-air 
system 
59 
80 
1000 Hz. Frequency 
7 2  
o 
56 
•H 
•H 
4 8  
-H 
40 
24 
16 
120 
40 20 60 100 80 
Milliseconds in combustor 
Figure 17. The effect of amplitude on the time averaged 
dynamic concentration of H in the CH^-air system 
60 
80 1000 Hz. Frequency 
120 
72 
n 
o 
r4 64 
56 
•H 
48 
-H 
•H 
32 
24 
rH 
16 
40 20 60 80 100 
Milliseconds in combustor 
Figure 18. The effect of amplitude on the time averaged 
dynamic concentration of Hg in the CH^-air system 
61 
16 1000 Hz Frequency 
o 
12 
•H 
•H 
120 
140 160 100 120 180 
Milliseconds in combustor 
Figure 19. The effect of amplitude on the time averaged 
dynamic exit concentration of in the CH^-air 
system 
62 
y = 1.0 
Frequency 40 1000 Hz 
36 
ro 
32 
>1 
120 
•H 
•H 
24 
20 u 
o 
12 m o 
rH 
I 
40 60 80 100 20 
Milliseconds in combustor 
Figure 20. The effect of amplitude on the time averaged 
dynamic concentration of OH in the CH^-air system 
63 
52 y 1.0 
Frequency 1000 Hz 
48 
44 
40 
o 
36 
>1 
I—I 
rH 
32 •H 
•H 
-H 
28 
120 24 
20 
16 
12 
100 140 120 180 160 
Milliseconds in combustor 
Figure 21. The effect of amplitude on the time averaged 
dynamic exit concentration of OH in the CH.-air 
system 
64 
Table 8. Time averaged dynamic exit concentration for the 
CH^-air system at a frequency of 1000 Hz. 
Compound A = 15.0 A = 0.0 A = 120.0 
CO 0.152X10"^^ 0.201x10"^^ 0.289X10"^^ 
°2 0.713X10"^^ 0.942x10"^^ * o.iooxio"i3 
8
 
to
 1.0 1.0 1.000 
^2 7.525 7.525 7.525 
NO 0.384X10"^ 0.383X10"^ 0.424X10"^ 
NO2 0.123X10*20 0.108X10"20 0.825X10"1G 
N 0.208X10"^^ 0.215X10"1S 0.391X10"!® 
0 0.287X10"^ 0.279X10"^ 0.446X10"® 
O3 0.515X10"20 0.475X10"20 0.155X10"!® 
H 0.188X10"® 0.193X10"® 0.596X10"? 
«2 o.ioixio'S 0.101x10"^ 0.151X10"^ 
OH 0.207X10"^ 0.225X10"^ 0.641X10"® 
H2O 2.000 2.000 2.000 
^oies/mole of CH^ initially; 3r = 1.0. 
concentration and in turn increase the effect of the oscilla­
tions. Because of the rapid drop in the concentration of NO 
with time and distance in the combustor (See Figure 13), a 
slight shift in the temperature profile could cause a large 
change in the observed concentration at a fixed point in the 
combustor. Whether or not pressure perturbations could cause 
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a longitudinal significant shift in the temperature profile is 
not clear. An estimation was made of the local temperature 
rise due to the viscous dissipation effects caused by pressure 
perturbations, but they proved to be very small (about 0.5® K.), 
The results of these computations would tend to indicate that 
the apparent enhancement of total oxides of nitrogen during os­
cillatory combustion measured by Sage and co-workers (54, 55, 
56, 60, 61, 62) is more likely due to a shift in the longitudi­
nal temperature profile in the combustor than from any chemical 
kinetic phenomena. However, to reach firmer conclusions, it 
might be necessary to investigate the effects of spatially dis­
tributed temperature oscillations on the combustion products. 
Figure 22 is a plot of instantaneous concentrations in the 
flame section for a complete cycle at several successive times. 
The initial zig-zag profile is due to the method of approxima­
tion. It is evident that the computation scheme employed has 
the desired convergence properties, since the profiles become 
smoother as time elapses. Because of disagreements in rate 
constants, the calculated equilibrium from free energy minimi­
zation which was used as an initial value for the first time 
increment might not be in agreement with the value that results 
from the rate equation. For example, if the departure from 
equilibrium is such that more NO is present than at the ficti­
tious equilibrium determined by the rate equations, the result 
is a shift in the rate of reaction by favoring those chemical 
reactions which cause a decrease in the concentration of NO. 
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The magnitude of the departure from equilibrium would decrease 
with time, as may be the case here, as seen by comparing plots 
in Figure 22 for the 2- to 3-millisecond time period with the 
12- to 13-millisecond time period. Also, it is quite conceiv­
able that the oscillations are effecting a change in the aver­
age level of NO present. 
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CONCLUSIONS AND RECOMMENDATIONS 
This study has led to several conclusions regarding the 
chemical thermodynamics of oscillatory combustion. They are 
summarized as follows: 
(1) It is possible to compute equilibrium concentrations 
for gaseous systems with great accuracy and with comparative 
ease for mixtures of any chemical species for which basic ther­
modynamic data are available. This can be done for a wide range 
of temperatures and mixture ratios and for both constant pres­
sure and constant volume processes. 
(2) It is possible in principle to integrate directly by 
numerical methods the complete set of dynamic equations which 
describe the oscillatory combustion of hydrocarbons. It is 
prohibitive, however, in most cases due to the excessive com­
puter time required and the lack of sufficient rate constant 
data. Approximate integration techniques have been devised 
which give results of sufficient accuracy to provide insight 
into the behavior of such oscillatory systems. 
(3) The deviation from equilibrium in flow combustors is 
significant for important trace components which play important 
roles in the formation of atmospheric pollutants and urban 
smog. Examples in this study include monatomic oxygen and 
nitric oxide. 
(4) The very steep longitudinal concentration profiles 
which occur in externally cooled combustors make accurate 
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sampling of combustion gases very difficult. The previous ex­
perimental measurements by Sage et (55, 56, 57, 58, 59, 60, 
61, 62, 63) of the oxides of nitrogen produced during methane 
combustion have quite likely been affected by shifts in the 
longitudinal temperature profile. 
(5) Prèssure-temperature oscillations in the flame in­
crease the concentration of certain chemical species such as 
Hg, OH, and NOg, while the concentration of others such as O 
is decreased. Generalization here is difficult because of the 
complicated chemical interactions which occur in the multi-
component systems of interest. 
(6) In general, the effect of oscillation frequency is 
not significant in the combustor model chosen for this work. 
(7) The amplitude of the temperature oscillations does, 
however, have a significant effect on the concentration of the 
gaseous products, and the effect increases with increasing 
temperatures. The exit temperature seems to control the con­
centration of most of the significant components, since higher 
exhaust temperatures would increase the effects of the oscil­
lations . 
(8) While viscous dissipation induced by high-frequency 
pressure oscillations might have a significant effect on the 
local temperature and thus increase the enhancement of certain 
products due to the oscillations, its estimated effect in the 
systems investigated was negligible. 
(9) A quasi-equilibrium method of solving the rate 
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equations based upon the offset from equilibrium represents an 
improvement over point-to-point equilibrium calculation, but 
it still gives values for many important species which differ 
from the dynamic values by an order of magnitude. 
The results and conclusions presented in this work bring 
to light several possible areas for continued study and future 
work. 
(1) Improved rate data at low temperatures would be ex­
tremely valuable, not only for future work using the techniques 
employed here but for all types of kinetic problems. The cata­
lytic effects of components such as nitric oxide on other re­
actions in the system have not been considered in many of the 
rate constants used in this work. 
(2) This work was done for a combustor operating at an 
average pressure of 1 atmosphere. Future work might possibly 
include calculations at higher pressures, 
(3) Calculations in this work were made for pressure-
temperature oscillations that were in phase. This is probably 
not the case in reality (See Seagrave and Sage, 63). It would 
be possible in principle to change the existing programs to 
study the effect of temperature-pressure phase shift. 
(4) The integration techniques employed in this work 
might be improved. For example, a two-part program might be 
tried which would use methods described here at high tempera­
tures and a numerical method such as the predictor-corrector 
method at lower temperatures. 
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(5) The effect of changes in the temperature profile 
might be studied. This study might include the effects of 
exit temperature and cooling rate. 
(6) The techniques employed here might be applied to 
other chemical systems of interest. 
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APPENDIX A 
The CO-Og System 
The first combustion process for which calculations were 
made was the combustion of carbon monoxide in oxygen. A sur­
vey of the literature disclosed five significant components 
(CO, Og, COgf Of O3) and five reactions: 
1. CO + 0 COg 
2. O + O3 2O2 
3. O + Og —^ Og 
4. COg -» CO + O 
5. Og 20 
These equations give the following rate equations: 
-k^(C0)(0) + k4(C02) 
d(0,) 
= 2k2(0) (O3) - kgtO) (Og) - kgtOg) 
d(CO,) 
at = ki(CO) (0) - k^tCOg) 
= -k]^ (CO) (0) - kg (0) (O3) - kg (O) (0%) + k^ (COg) + 
2k5(02) 
d(0.) 
= -k2(0) (O3) + kgCD) (O2) 
From rate constants in the literature (See Table 9), the 
values of k^ eirid k2 were considered to be the most accurate. 
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based upon the experimental approach and corroborating data 
from other experimenters. Assuming and kg to be accurate, 
the other rate constants were found at 2600® K. and 1000® K. 
using the following equations and the equilibrium concentra­
tions . 
ki(C0)e(0)g 
* (C°2>e 
3 " <°)e'°2'e " (°2>e 
•=5 - - •'s'O'e 
Having values of k^, and kg at 2600® K. and 1000® K., it 
is possible to fit an exponential curve to get k^ = Buexp(-E^/ 
RT). The resulting rate constants are: 
k^ = 2.0X10®exp(-4500/RT) 1/mole sec. 
kg = 3.0Xl0^^exp(-6000/RT) 1/mole sec. 
kg = 1.1585X10^exp(-60500/RT) 1/mole sec. 
k^ = 3.928X10^^exp(-127700/RT) 1/sec. 
kg = 7.47X10®exp{-135000/RT) 1/sec. 
The co-Air System 
Combustion of CO in air adds a third atomic type to the 
list of possible components — that of Ng. The literature 
discloses nine important components and 14 reactions. 
1. NOg + O Og + NO 
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2. O + Og —^ 0^ 
3. CO + O -» COg 
4. O + Og 2O2 
5. NO + N -» Ng + O 
6. N + ©2 NO + O 
7. 2N0 -» Ng + Og 
8. 2N0 + Og 2NO2 
9. NO + O -* N + O2 
10. Ng + O -» NO + N 
11. COg -* CO + 0 
12. N2 + O2 -• 2N0 
13. O2 — 20 
14. NO2 + CO -» NO + CO2 
The above equations lead to the following set of rate equations. 
-kgCCOifO) - (NO2) (CO) + k^^(C02) 
d(0,) 
= 2k4(0) (O3) - kg(N) (O2) + (NO) (NO) - kg (NO) (NO) (Og) 
- ^ ^3(02) - ki2(02) (N2) + kg (NO) (O) + ki(N02) (O) -
k2(0)(02) 
d(CO_) 
—= kg (CO) (0) + k^^CNOg) (CO) - kii(C02) 
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d(N ) 
= kg (NO) (N) + k^{NO) (NO) - (Ng) (0) - k^^CNg) (Og) 
= -kg (NO) (N) + kg(N) (Og) - 2kg (NO) (NO) (Og) -
2k^(N0) (NO) - kg (NO) (O) + k^(N02) (0) + 
kio(N2)(0) + 2ki2(N2)(02) + kj^^ (NO2) (CO) 
d(NO_) 
—^ = 2kg (NO) (NO) (O2) - kj^(N02) (0) - k^^^ (NO2) (CO) 
-kg (NO) (N) - kg(N) (Og) + kg (NO) (O) + kio(N2) (O) 
-kg (CO) (0) - k^CO) (O3) + kg (NO) (N) + kg(N) (O^)-
kg(NO) (O) - k^CNOg) (O) - k^Q (N2) (0) - kgtO) (0^) + 
^11 ^*^^2^ ^^13^*^2^ 
d(0 ) 
-df = -1^4(0) (O3) + k2(0)(02) 
The following rate constants were considered to be the 
most accurate. 
k^ = 7.83X10^^exp(-2500/RT) 1/mole sec. 
kg = 2.0Xl0^exp(-4500/RT) 1/mole sec. 
k^ = 3.0X10^°exp(-6000/RT) 1/mole sec. 
kg = 3.OXlO^^exp(-200/RT) 1/mole sec. 
kg = 8.3X10^exp(-7100/RT) 1/mole sec. 
k^ = 1.7X10^^exp(-4800/RT) 1/mole sec. 
kio = 4.4X10^exp(-74000/RT) 1/mole sec. 
The other rate constants were calculated from the follow­
ing equations using equilibrium concentrations and the above 
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rate constants at 2600® K. and 1000® K, 
""2 " i o j  
k „  =  
2 ' e  
kj^CNOjl^W)^ + ki,(N02)g(C0)e 
8 2(N0)g(N0)g(02)g 
, _ "5 (HO) e'B'e + "g <N) e (°2> e " "'lO <"2' e e 
"9 (N0)g(0)g 
, k^tcoigioie + kialHOzlgtcoie 
"11 îcô^y; 
, _ ks'KO'e'K'e + k^(NO)gmo)^ - kio<''2>e<°'e 
" (»2'e<°2'e 
ki(N0,g(0)g + k^(0)g(03)g + k,(CO)e(0)a 
•^13 + 
*2 (0)3(02)3 - kll (002)3 
2(02)3 
The resulting exponential expressions are listed below, 
kg = 2.214X10®exp{-43274/RT) 1/mole sec. 
kg = 7.25X10^^exp(-42892/RT) 1^/mole^ sec. 
kg = 1.687X10^exp(-31832/RT) 1/mole sec. 
k^^ = 3.509X10^\xp(-127088/RT) 1/sec. 
k^2 = 3.2596X10^^exp(-47797/RT) 1/mole sec. 
k^2 = 2.526X10®exp(-83580/RT) l/see. 
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The Methane-Air System 
A complete set of the reactions which have been found in 
the literature pertaining to the combustion of methane are 
shown below. It is obvious from a close inspection that the 
list is not complete. There are, for example, not enough 
equations to sufficiently describe the changes from CH^ to CO 
and CO2 through the intermediates CHO, CHgO, and CH^. In many 
cases where the equations are available, the rate constants 
are unknown. Since CH^ disappears rapidly, this system will 
follow the major products of the combustion of CH^ in air, 
which necessitated the addition of H, OH, and H^O to the 
list of components for the CO-air system. The calculations 
are then based upon the equations of the CO-air system plus the 
following equations. This is by no means a complete list of 
the possible reactions. It may not even include all of the 
important reactions, but it is the best available at this time. 
15. NOg + H NO + NO 
16. COg + H OH + CO 
17. OH + CO CO2 + H 
18. H + O -» OH + O 
2 
19. OH + O -» Og + H 
20. 2H Hg 
21. Hg + 0 H + OH 
22. H + OH -» Hg + O 
23. 20H HgO + 0 
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24. Hg + OH H + HgO 
25. H + H^O -- Hg + OH 
26. NO + OH -# NOg + H 
27. HgO + O -* 20H 
28. Hg 2H 
The rate equations and rate constant calculations were done as 
in the previous systems. 
A Summary of Important Reactions in Methane-Air Combustion 
1. NOg + 0 Og + NO 
2. 0 + 02 -» 03 
3. CO + 0 COg 
4. 0 + Og 2O2 
5. NO + N Ng + 0 
6. N + Og NO + 0 
7. 2N0 Ng + Og 
8. 2N0 +02-^ 2NO2 
9. NO + 0 N + C 
•2 
10. Ng + 0 NO + N 
11. COg CO + 0 
12. Ng + Og 2N0 
13. O2 - 20 
14. NO 2 + CO -*• NO + CO 
15. NO2 + H NO + NO 
16. COg + H OH + CO 
17. OH + CO -» COg + H 
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18. H + Og -» OH + O 
19. OH + O -» Og + H 
20. 2H — Hg 
21. H + Og -* HOg 
22. Hg + O -» H + OH 
23. H + OH -* Hg + 0 
24. 2H0 -* HgO + O 
25. HOg + Hg HgOg + H 
26. HOg + HgOg — HgO + Og + OH 
27. Hg + OH H + HgO 
28. H + HgO Hg + OH 
29. CH^ + H CH^ + Hg 
30. CH. + H^ -» CH. + H j ^ 4 
31. CH^ + O -» CH3 + OH 
32. CH^ + OH — CH3 + HgO 
33. H + HgCO Hg + HCO 
34. HCO + O -* HO + CO 
35. CH3 + Og CHgO + OH 
The above equations yield the following rate equations. 
= -kgCO'O + k^^COg - k^^CO'NOg + kj^gC02*H - k^^CO-OH 
do, 
= +k^0*03 - kgN'Og + k^NO'NO - kgNO'Og + kgNO'O + 
" ^2°*°2 ~ ^ 12^2^2 " ^13°2 ' ^18®*°2 
kisOH-O - kg^H'Og 
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dCO, 
-d^ = +k3C0-0 - kiiCO, + k^^NOa'CO - k^gH'COg + 
k^^CO'OH 
^ = -kgCO'O - k^O'Og + kgNO'N + k^N'Og - kgNO'O -
VOg'O - k^QNg'O - kgO'Og + k^^^COg + 2k^^02 + 
^18^*°2 " kigOH'O - ^ 22^2*0 - k23H*OH + kg^OH'OH 
do 
diT = -^40-03 + V°2 
dOH dt = + klgCG^'H - k^^OH.CO + k^gH-Og - k^^OH-O 
+k22H2*0 - kggH'OH - 2k240H-OH - k^^Hg'OH + kggH'HgO 
dH„0 
-à- = kg^EO-OE + k2^H2-OH - k^gH-H^O 
dH O2 
-ir = -^26^°2*«2°2 + ^ 25^°2*«2 
dHO, 
-ST = kgiH.Og - k25H02'H2 - k2gH02-H202 = O 
ffi = -kigNOg-H - kigCOj-H + k^^OH-CO - + k^gOH-0 
-2k2oH-H + ^ 22^2'° ' * k^^Hj-OH - k^gH-HjO 
H = -kgN'NO - kgN*02 + kgNO'O + kigNg-O 
dN, 
^ = kgNO'N + kyNO'NO - kiQN2'° " ^12^2*°2 
dNO, 
= 2kgN0-N0-02 - k^NOg'O - k^jCO'NOg - k^g^Og'H 
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= -kgNO'N + kgH'Og - 2k^N0*N0 - 2kgN0'N0'02 
kgNO-O + k^NOg'O + k^QN2*0 + 2k^2^2'02 + 
ki4NO2-C0 + kigNOg'H 
Table 9. Survey of the literature on rate constants 
Reaction k Temper- Source 
ature 
NO + N -» Ng + o 1.33X10^° l/mole sec. 52 
3X10^°exp(-200/RT) 412-
1/mole sec. 755® K, 11 
3X10^°exp(-7000/RT) 21 
Ng + O -» NO + N 8.5X10^T^/^exp(-74000/ 
RT) 21 
42 
NO + O — NOg >10^° l/mole sec. 293» K. 43 
NO + O -» N + Og 6.5X10^^ l/mole sec. 2288° K. 21 
N + 0- -» NO + O 2.0Xl0^exp(-6200/RT) 
l/mole sec. 43 
1.8X10^°exp(-7500/RT) 
l/mole sec. 40 
8,3X10^exp(-7100/RT) 412-
1/mole sec. 755* K. 11 
8.3X10^exp(-7100/RT) 
l/mole sec. 21 
NO + NO -* NL + 2.6X10^exp(-63800/RT) 
l/mole sec. 42 
10 
^ 1.7X10^"exp(-4800/RT) 
l/mole sec. 13 
Table 9 (Continued) 
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Reaction k Temper- Source 
ature 
N2 + O2 NO + NO 42 
2N0 + 0, 2N0_ 1.48X10* 1^/mole^ sec. 
for 02/N0«1 60 
0.8X10* 1^/mole^ sec. 
for 02/N0»1 60 
2N0 + X^ 2N0X 2.0Xl0^°exp(-49600/RT) 
1 /mole^ sec. 16 
(X = Ogf Br2, Hgf or CI2) 
N2O + O -» 2N0 lX10^^exp(-28000/RT) 
NOg + 0 -* O2 + 7.8X10^exp(-2500/RT) 
NO 
1/mole sec. 18 
1/mole sec. 38 
>10® 1/mole sec. 293° K. 43 
NOg NO + O 4.0X10^° 1/sec. 293® K. 43 
N0„ + N N^O + 4X10®<k<4Xl0^° 
2 " "2 1/mole sec. 293® K. 43 
NO2 + H — NO + 3.0X10^° 1/mole sec. 500-
NO 
NOg + CO -* COg 
540® K. 58 
+ NO 14 
NOg + CHgO — COg 10^*^exp(-15100/RT) 
+ H2O + NO 
1/mole sec. 53 
H + HgO H2 + l.OXlO^^exp(-25500/ 
OH 
RT) 1/mole sec. 22 
O^^exp(-21100/ 
RT) 1/mole sec. 41 
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Table 9 (Continued) 
Reaction k Temper- Source 
ature 
Hg + OH -» H + HgO 2.5X10^^exp(-10000/ 
+ CO 
HCO + 0^ 
RT) 1/mole sec. 18 
6.0X10^°exp(-5900/RT) 
1/mole sec, 41 
1.1X10^ 1/mole sec. 915* K. 18 
3.3X10^^exp(-11000/ 
RT) 1/mole sec. 2 
^exp(-11500/RT) 
1/mole sec. 20 
H + CH^ -» CH^ 2X10^
+ ^ 2 
6X10"exp(-7400/RT)-
1/mole sec. 36 
^2 ^^3 9X10® 1/mole sec. 180S-®-_Tv. 20 
CH^ + H 
CH. + 0 — 2.0Xl0^°exp(-7800/ 
RT) 1/mole sec. 2 
OH + CH. — 3.5X10^^exp(-9000/RT) 
1/mole sec. 20 
CH3 + HgO 
2.4X10 exp(-8300/RT) 
1/mole sec. 2 
H + HgCO -» Hg 2.6X10? 1/mole sec. 300® K. 8 
+ HCO 2.4X10 V/^exp(2000/RT) 33 
2H2CO — CH3OH 9X10'^T^/^exp( 310 00/RT) 
1/mole sec. 48 
HOg + CO 33 
HO + O Og + H 5.6X10^°exp(-1000/RT) 41 
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Table 9 (Continued) 
Reaction Temper­
ature 
Source 
.12 H + CO, OH + CO 3.5X10 exp(-33300/ 
RT) 1/mole sec. 
8.4X10 1/mole sec. 
NO + CO CO, + H lXl0^T^/^exp(-7000/ 
H + Og OH + 0 
RT) 1/mole sec. 
2.3X10^°exp(-10300/ 
RT) 1/mole sec. 
1.2X10^°exp(-7000/ 
RT) 1/mole sec. 
1.5X10^ 1/mole sec. 
6X10^^exp(-18000/RT) 
1/mole sec. 
)12-
?) 
.10 
1.38X10 exp(17300/ 
RT 1/mole sec. 
1.6X10"^" 1/mole sec. 
6X10^(T/803)^/^exp(A) 
17000 r803 A =( — 
R803 [- T -11) 
1.9X10^^T°*^^exp 
(-17100/RT) 
1072® K. 
380-
490° K. 
380-
490° K. 
1100° K. 
915° K. 
300-
2500° K. 
22 
15 
3 
3 
2 
23 
23 
40 
15 
47 
41 
H + Og + M —* 
HOg + M 
Hg + O -* OH + H 
HO2 + H2 -
H2O2 + H 
1.35X10^ iVmole^ 297° K. 
sec. 
2.5X10^exp(-7700/RT) 
1/mole sec. 
2.5X10^(T/803)^/^exp(A) 
24000,803 A =(-803R ^ T "1]) 
47 
33 
24 
41 
47 
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Table 9 (Continued) 
Reaction k Temper- Source 
ature 
H + OH — + O 5.7X10^exp(-5800/RT) 
1/mole sec. 41 
H, + O — H + OH 1.2X10^°exp(-9200/RT) 409-
^ 1/mole sec. 733® K. 12 
2.46X10^°exp(-7700/RT) 1660-
1/mole sec. 1815® K. 18 
HO + HO — HgO 1.5X10^ 1/mole sec. 310® K. 41 
+0 
HO2 + HgOg - 1.2X10^(T/803) l/^exp(A) 
H^O + O^ + OH A=(-l^[^-l]) 47 
CO + 0 — CO, lXl0^exp{-4000/RT) 300-
1/mole sec. 500® K. 49 
2X10®exp(-4500/RT) 
1/mole sec. 1 
7.2X107exp(-3500/RT) 
1/mole sec. 2 
0 + 0- — 20^ 3.0X10^°exp(-6000/RT) 
2 2 1 /mole sec. 6 
O + O2 + Ar 3.3X10®exp(2300/RT) 
O3 + Ar 1^/mole^ sec. 13 
2.3XloG(T/273)"2'6 
1^/mole^ sec. 13 
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APPENDIX B 
Table 10. Hydrazine oxidation^ at 6300° R. and 51 atm. for 
molecular ratios^ N/0 = 1.0 and H/0 = 2.0 
Compound Mole fraction 
at equilibrium 
H 0.024813 
N 0.000862 
HgO 0.478017 
Hg 0.090153 
NH 0.000423 
Ng 0.296170 
NO 0.016722 
O 0.010950 
Og 0.022771 
OH 0.059116 
^in. Ft = -47.76022 moles, iterations =5. 
^Total moles = 1.63841. 
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Table 11. Equilibrium composition^ for the products of methane 
combustion at 540° R. and 1.0 atm. 
Compound Fuel to Og ratio 
0.8 0.9 1.0 1.1 1.2 
CH4 0 .000000 0 .000000 0 .000000 0 .009403 0 .018673 
0 .029751 0 .019227 0 .000000 0 .000000 0 .000000 
H2O 0 .158324 0 .173077 0 .190475 0 .188607 0 .186882 
^2 0 .742156 b .721150 0 .714285 0 .702504 0 .700910 
NO 0 .000073 0 .000008 0 .000000 0 .000000 0 .000000 
«2 0 .000010 0 .000000 0 .000001 0 .000122 0 .000062 
CO 0 .000002 • 0 .000000 0 .000000 0 .000001 0 .000007 
CO2 0 .079165 0 .086538 0 .095238 0 .094364 0 .093465 
OH 0 .000002 0 .000000 0 .000000 0 .000000 0 .000000 
H 0 .000001 0 .000000 0 .000000 0 .000000 0 .000000 
0 0 .000000 0 .000000 0 .000000 0 .000000 0 .000000 
®Mole fractions. 
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Table 12. Equilibrium composition^ for the products of methane 
combustion at 4050® R. and 1 atm. 
Compound 
0.8 
Fuel to 
0.9 
O2 ratio 
1.0 1.1 H
 
to
 
CH4 0 .000000 0 .000000 0. 000000 0 .000000 0 .000000 
°2 0 .035693 0 .018479 0. 004496 0 .000372 0 .000092 
H2O 0 .150926 0 .168225 0. 183413 0 .189475 0 .188542 
^2 0 .722080 0 .715519 0. 707599 0 .692659 0 .674547 
NO 0 .006659 0 .004751 0. 002307 0 .000708 0 .000328 
«2 0 .001090 0 .001687 0. 003721 0 .012468 0 .026159 
CO 0 .002854 0 .004371 0. 009270 0 .026543 0 .046366 
CO2 0 .074523 0 .081776 0. 085231 0 .075099 0 .061588 
OH 0 .005233 0 .004460 0. 003281 0 .001855 0 .001211 
H 0 .000244 0 .000304 0. 000547 0 .000826 0 .001202 
0 0 .000781 0 .000558 0. 000277 0 .000084 0 .000040 
^ole fractions. 
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Table 13. Equilibrium composition for the products of methane 
combustion at 3996® R. for high pressure and stoi­
chiometric ratio 
Compound Fuel to Og ratio 
0.4b 1.0= 1.0* 
CH4 0.000000 0.000000 0.000000 
°2 0.115668 0.001645 0.001181 
H2O 0.078787 0.188847 0.189273 
^2 0.751525 0.711828 0.712398 
NO 0.009431 0.001112 0.000943 
^2 0.000151 0.000679 0.000504 
CO 0.000963 0.004165 0.003122 
CO2 0.039370 0.090819 0.091928 
OH 0.003416 0.000868 0.000633 
H 0.000040 0.000019 0.000010 
0 0.000640 0.000017 0.000009 
O3 0.000000 0.000000 0.000000 
^Mole fractions. 
^Pressure = 1 atm. 
^Pressure = 20 atm. 
^Pressure = 51 atm. 
Table 14. Equilibrium concentration^ for a five-component system where V= 1.0 
*K CO 02 8
 
to
 0 03 
2600 0. 196718 0 .942078X10"! 0 .803282 0 .830228X10' 2 0 .953751X10' 8 
2500 0. 144922 0 .702474X10"! 0 .855081 0 .442752X10' 2 0 .472110x10' 8 
2400 0. 102966 0 .503673X10"! 0 .897035 0 .223146X10' 2 0 .215009X10' 8 
2300 0. 704493X10" 1 0 .346958X10"! 0 .929547 0 .105773X10' 2 0 .896045X10' 9 
2200 0. 462527X10' 1 0 .228921X10"! 0 .953747 0 .468678X10' 3 0 .339919X10" 9 
2100 0. 290054X10" 1 0 .144071X10"! 0 .970996 0 .191006X10" 3 0 .115437X10' 9 
2000 0. 172803X10" 1 0 .860697X10"^ 0 .982716 0 .664241X10" 4 0 .349039X10' 10 
1900 0. 971931X10" 2 0 .484766X10"^ 0 .990279 0 .239914X10" 4 0 .924833X10" 11 
1800 0. 512489X10" 2 0 .254343X10"^ 0 .994874 0 .702367X10" 5 0 .210861X10' 11 
1700 0. 248452X10" 2 0 .124134X10"^ 0 .997512 0 .183779X10" 5 0 .398643X10' 12 
1600 0. 110599X10" 2 0 .552804X10"^ 0 .998891 0 .376923X10" 6 0 .615296X10" 13 
1500 0. 439249X10" 3 0 .219588X10"^ 0 .999561 0 .719662X10" 7 0 .676427X10" 14 
1400 0. 152535X10" 3 0 .762626X10"* 0 .999851 0 .965837X10" 8 0 .647670X10" 15 
^Moles/mole of CO initially. 
Table 14 (Continued) 
*K CO 
*2 
8
 
to
 0 °3 
1300 0. 446880X10" •4 0 .223434X10 -4 0 .999953 0. 102287X10" 8 0 .39061X10"^® 
1200 0. 107121X10" •4 0 .535602X10 -5 0 .999984 0. 724695X10" 10 0 .146942X10"!? 
1100 0. 197758X10" 5 0 .988788X10 -6 0 .999999 0. 314198X10" 11 0 .298324X10"19 
1000 0. 220209X10" 6 0 .110104X10 -6 0 .999999 0. 124001X10" 12 0 .478440X10"21 
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Table 15. Equilibrium concentrations^ for a nine-component 
system containing CO and air where y = 0.8 
"K CO Og COg Ng 
2600 0 .334162 0 .523292X10 -1 0 .665838 1. 48998 
2500 0 .280549 0 .314082X10 -1 0 .719451 1. 49341 
2400 0 .241222 0 .157449X10 -1 0 .758778 1. 49610 
2300 0 .217271 0 .626274X10 -2 0 .782729 1. 49798 
2200 0 .205967 0 .196096X10 -2 0 .794033 1. 49908 
2100 0 .201774 0 .495338X10 -3 0 .798226 1. 49964 
2000 0 .200481 0 .104400X10 -3 0 .799519 1. 49987 
1900 0 .200109 0 .143639X10 -4 0 .799891 1. 49996 
1800 0 .200024 0 .223864X10 -5 0 .799976 1. 49999 
1600 0 .200001 0 .25431X10' 7 0 .799999 1. 50000 
1500 0 .200003 0 .100389X10 -6 0 .799997 1. 50000 
1400 0 .200003 0 .152029X10 -6 0 .799997 1. 50000 
1300 0 .200002 0 .495241X10 -7 0 .799998 1. 50000 
1200 0 .200003 0 .145166X10 -6 0 .799997 1. 50000 
^oles/mole of CO initially. 
°K 
2600 
2500 
2400 
2300 
2200 
2100 
2000 
1900 
1800 
1600 
1500 
1400 
1300 
1200 
100 
15 (Continued) 
NO NOg N 
0. 200363X10" 1 0 .373541X10 -5 0 .150865X10" 5 
0. 131715X10" 1 0 .192020X10 -5 0 .614398X10" 6 
0. 779682X10" 2 0 .102248X10 -5 0 .235440X10" 6 
0. 404505X10" 2 0 .380552X10 -6 0 .828558X10" 7 
0. 183042X10" 2 0 .109525X10 -6 0 .265981X10" 7 
0. 727581X10" 3 0 .252138X10 -7 0 .763447X10" 8 
0. 259994X10" 3 0 .479618X10 -8 0 .194071X10" 8 
0. 779821X10" •4 0 .780053X10 -9 0 .424066X10" 9 
0. 194914X10" •4 0 .973257X10 -10 0 .800039X10" 10 
0. 103412X10" 5 0 .619398X10 -12 0 .136501X10" 11 
0. 278257X10" 5 0 .371300X10 -11 0 .725777X10" 11 
0. 306197X10" •5 0 .999203X10 -11 0 .121664X10"^° 
0. 157972X10" •5 0 .313865X10 -11 0 .449255X10" •11 
0. 277613X10"^ 0 .161281X10 -10 0 .849867X10"^ 
Table 
®K 
2600 
2500 
2400 
2300 
2200 
2100 
2000 
1900 
1800 
1600 
1500 
1400 
1300 
1200 
101 
(Continued) 
0 .945993X10" 2 0 .258587X10" 8 
0 .455723X10" 2 0 .916447X10" 9 
0 .193305X10" 2 0 .240437X10" 9 
0 .699369X10" 3 0 .440906X10" 10 
0 .214212X10" 3 0 .542008X10" 11 
0 .556249X10" 4 0 .469023X10" 12 
0 .124402X10' 4 0 .300059X10" 13 
0 .238724X10" 5 0 .878907X10" 15 
0 .364334X10' 6 0 .407876X10" 16 
0 .369986X10" 8 0 .107014X10" 19 
0 .120192X10" 7 0 .100723X10' 19 
0 .125480X10" 7 0 .821548X10' 20 
0 .387353X10" •8 0 .240280X10' •21 
0 .709626X10" •8 0 .246857X10' •21 
Table 16. Equilibrium concentration^ for a nine-component system containing CO 
and air where iT = 1.0 
®K CO 
*2 CO2 ^2 NO 
2600 0 .270956 0 .11231 0 .729044 1. 86437 0 .312415X10" 1 
2200 0 .674584X10" 1 0 .293258X10" 1 0 .932542 1. 87604 0 .791026X10" 2 
1900 0 .143663X10" 1 0 .631455X10" 2 0 .985634 1. 87915 0 .169023X10" 2 
1800 0 .756361X10" 2 0 .332755X10" 2 0 .992437 1. 87955 0 .894409X10" 3 
1700 0 .368265X10" 2 0 .162046X10" 2 0 .996318 1. 87978 0 .438043X10" 3 
1600 0 .163473X10" 2 0 .718992X10" 3 0 .998365 1. 87990 0 .195923X10" 3 
1500 0 .649423X10" 3 0 .285549X10" 
3 0 .999351 1. 87996 0 .781766X10" 4 
1400 0 .225836X10" 3 0 .991472X10" 4 0 .999774 1. 87999 0 .275193X10" 4 
1300 0 .645841X10" 4 0 .287037X10" 4 0 .999935 1. 88000 0 .717424X10" 5 
1200 0 .158662X10" 4 0 .702034X10" 5 0 .999984 1. 88000 0 .182523X10" 5 
^Moles/mole of CO initially. 
Table 16 (Continued) 
*K NOg N O Og 
2600 0. 839552X10' •5 0 .147641X10" •5 0 .150785X10' •1 0 .609666X10' •8 
2200 0. 163822X10' •5 0 .320336X10' 7 0 .893301X10" 3 0 .291257X10' •9 
1900 0. 258683X10" •6 0 .514262X10" 9 0 .464415X10" •4 0 .811014X10" 11 
1800 0. 122237X10" 6 0 .958119X10" 10 0 .138653X10" •4 0 .184496X10" 11 
1700 0. 529794X10" 7 0 .146593X10" 10 0 .358484X10" 5 0 .350565X10" 12 
1600 0. 199696X10" 7 0 .177813X10" 11 0 .782421X10" 6 0 .538906X10" 13 
1500 0. 662304X10" 8 0 .162893X10" 12 0 .136210X10" 6 0 .642572X10" 14 
1400 0. 186414X10" 8 0 .106263X10" 13 0 .185907X10" 7 0 .564260X10" 15 
1300 0. 395147X10" 9 0 .402850X10" 15 0 .157369X10" 8 0 .344161X10" 16 
1200 0. 747692X10" 10 0 .102943X10" 16 0 .116664X10" 9 0 .127819X10" 17 
Table 17. Equilibrium concentration^ for a nine-component system containing CO 
and air where 1.2 
®K CO °2 8
 
to
 
^2 NO 
2600 0. 236642 0.185472 0 .763357 2 .23446 0.450578X10"! 
2500 0. 167598 0.159635 0 .832402 2 .23882 0.363476X10"! 
2400 0. 111030 0.138047 0 .888971 2 .24287 0.282561X10"! 
2300 0. 683332X10"! 0.121474 0 .931667 2 .24610 0.217861X10"! 
2200 0. 386418X10"! 0.110006 0 .961358 2 .24862 0.167535X10"! 
2100 0. 199274X10"! 0.103065 0 .980073 2 .25057 0.128546X10"! 
2000 0. 934766X10"^ 0.995656X10" 1 0 .990652 2 .25212 0.976388X10"^ 
1900 0. 397443X10"^ 0.982415X10" 1 0 .996026 2 .25336 0.728540X10"^ 
^Moles/mole of CO initially. 
Table 17 (Continued) 
®K NO2 N 0 °3 
2600 0. 144660X10" •4 0. 202516X10"^ 0. 206113X10" 1 0 .148035X10' 7 
2500 0. 117634X10" •4 0. 881299X10"® 0. 119581X10" 1 0 .903363X10" 8 
2400 0. 951853X10" 5 0. 336001X10"® 0. 660110X10" 2 0 .541590X10" 8 
2300 0. 776511X10" 5 0. 117937X10"® 0. 358261X10" 2 0 .324273X10" 8 
2200 0. 646914X10" 5 0. 377696X10"? 0. 186263X10" 2 0 .196441X10" 8 
2100 0. 553852X10" 5 0. 108506X10"? 0. 930003X10" 3 0 .121328X10' 8 
2000 0. 483196X10" 5 0. 275679X10"® 0. 442948X10' 3 0 .752914X10" 9 
1900 0. 426693X10" 5 0. 606615X10"^ 0. 197581X10' 3 0 .462353X10" 9 
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Table 18. Equilibrium concentration^ for a 20-component system 
resulting from CH^-air combustion where = 1.0 
Compound 500* K. 2200° K. 2600° K. 
CO 0. 171433X10" 4 0 .978639X10" 1 0 .362613 
.°2 0. 954290X10" 
5 0 .495079X10" 1 0 .172458 
CO2 0. 999983 0 .902136 0 .637384 
^2 7. 52500 7 .51490 7 .48461 
NO 0. 614960X10" 6 0 .201990X10" 1 0 .807420X10" 1 
NO2 0. 401805X10" 
8 0 .297625X10" 5 0 .137944X10' 4 
N 0. 169590X10" 17 0 .121890X10" 6 0 .689098X10" 5 
0 0. 717579X10" 11 0 .223015X10" 2 0 .351794X10" 1 
O3 0. 342488X10" 
16 0 .324174X10" 9 0 .733083X10' 8 
H 0. 143973X10" 9 0 .401918X10" 2 0 .533538X10" 1 
^2 0. 266130X10" 
•5 0 .367523X10" 1 0 .148904 
OH 0. 141606X10" 6 0 .303415X10" •1 0 .154606 
H2O 2. 00000 1 .94607 1 .74710 
HO2 0. 493654X10" 
10 0 .238045X10" •5 0 .189241X10" .4 
N^O 0. 255036X10" •7 0 .793441X10" •6 0 .317070X10" •5 
CH4 0. 184906X10' 
•20 0 .152729X10"^^ 0 .189241X10" •4 
CH3 0. 280666X10" 
-26 0 .769444X10" -15 0 .958367X10" •13 
CH^O 0. 192282X10" -13 0 .147254X10" -9 0 .210011x10" •8 
HCO 0. 457210X10" -13 0 .122911X10" -6 0 .210808X10" -5 
NH 0. ,391886X10" •15 0 .798036X10" -17 0 .259531X10" -5 
^îoles/mole of CH^ initially. 
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APPENDIX C 
C THIS IS A PROGRAM FOR COMPUTING EQUILIBRIUM 
C COMOSITIONS OF A GAS MIXTURE OF N SPECIES CONTAINING 
C M ATOMIC TYPES. IT IS KINETICS FREE AND OPERATES BY 
C MINIMIZING THE TOTAL FREE ENERGY OF THE MIXTURE. 
DOUBLE PRECISION A(5,20),P{5),ATFC6),X(20),B(5),XN(20) 
DOUBLE PRECISION APP(5,20)»RP(5,5),DEL(20) 
DOUBLE PRECISION H(20),G(20),XMF(20),C(20),F(20) 
DIMENSION BCD(20) 
DOUBLE PRECISION FRT(20),CP(5),CK(5) 
LOGICAL CHECK 
DOUBLE PRECISION XB, FT, XBN, DELB, DFDL, DL.DLOG 
C READ IN DATA 
5 READ(1,10) M, N 
IF(M.LT.O) GO TO 6 
10 F0RMAT(2I4) 
READ(1,3) (B(I),I=1,M) 
8 F0RMAT(8F10.5) 
MP1=M+1 
RT = 1.987 
C THE ORDER OF BCD MUST BE PRESERVED FOR OTHER VARIABLES 
READ (1,11) (BCD(K), K=1,N) 
11 FORMAT (13A6) 
C THE A(I,J) MATRIX IS READ IN BY ROWS 
READ (1,12) ((A(I,J), 1=1,M), J=1,N) 
12 FORMAT (20F4.1) 
READ (1,51) DDFT,NNI 
READ (1,500) CHECK 
C FRT IN THIS PROGRAM IS (F-H)/T 
15 READ (1,20) T, PT, V, (FRT(K), K=1,N), TC 
IF(T.LT.O.O) GO TO 5 
WRITE (3,13) 
13 FORMAT (IHl) 
WRITE (3,14) BCD(l), BCD(2) 
14 FORMAT (5X44HEQUILIBRIUM COMPOSITIONS FOR THE REACTION 
1 0F,A6,5H AND ,A6) 
READ (1,24) (H(I), 1=1,N) 
DO 41 1=1,N 
FRT(I) = FRT(I) + H(I)/TC 
41 FRT(I) = FRT(I)/RT 
READ (1,50) (X(I), 1=1,N) 
20 F0RMAT(8F10.3) 
24 FORMAT (8F10.1) 
IF(CHECK) GO TO 410 
GO TO 23 
410 IF(PT) 691,18,19 
18 WRITE(3,22) T, V 
GO TO 23 
19 WRITE(3,21) T, PT 
22 F0RMAT(5X,13HTEMPERATURE =,F7.1,16H DEGREES RANKINE, 
14X,8HVQLUME =,F10.3,12H CUBIC FEET ) 
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2 1  F 0 R M A T ( 5 X , 1 3 H T E H P E R A T U R E  = , F 7 . 1 , I 6 H  D E G R E E S  R A N K I N E ,  
1 4 X , l O H P R E S S U R E  = , F 5 . 1 ,  4 H  A T M . )  
5 1  F O R M A T  ( F I O . 7 , 1 4 )  
5 0  F O R M A T  ( 8 F 1 0 . 7 )  
C  C O M P U T E  F R E E  E N E R G Y  F U N C T I O N S  
2 3  N I  =  0 . 0  
X B  =  0 . 0  
D O  6 5  I  =  1 , N  
6 5  X B  =  X B  +  X ( I )  
D O  2 5 4  1 = 1 , N  
2 5 4  X M F ( I )  =  X ( I ) / X 8  
R  =  0 . 7 3 0 2  
F T  =  0 . 0  
I F ( P T )  6 9 1 , 3 1 , 3 3  
3 1  D O  3 2  1 = 1 , N  
C ( I )  =  F R T ( I )  +  A L O G ( ( R * T ) / V )  
3 4  F ( I )  =  X ( I ) * ( C ( I )  +  D L O G ( X ( I ) ) )  
F T  =  F T  +  F ( I )  
3 2  C O N T I N U E  
G O  T O  2 8  
3 3  D O  2 7  1 = 1 , N  
C ( I )  =  F R T ( I )  +  A L O G ( P T )  
2 6  F ( I )  =  X ( I ) * ( C ( I )  +  D L O G ( X ( I ) / X B ) )  
F T  =  F T  +  F d )  
2 7  C O N T I N U E  
5 0 0  F O R M A T  ( L 6 )  
2 8  I F  ( C H E C K )  G O  T O  3 0 5  
C  C O M P U T E  R  M A T R I X  
6 9 5  D O  4 0  1 = 1 , M  
C P ( I )  =  0 . 0  
D O  1 7  J = 1 , N  
1 7  C P ( I )  =  C P ( I )  +  X ( J ) * A ( I , J )  
I F C N I . E Q . O . O )  G O  T O  5 0 2  
I F ( C K { I ) . L E . l . E - 6 0 )  G O  T O  5 0 1  
5 0 2  C K ( I )  =  C P ( I )  -  8 ( 1 )  
G O  T O  4 0  
5 0 1  C K ( I )  =  0 . 0  
4 0  C O N T I N U E  
D O  7 0  K = 1 , H  
D O  7 0  J = 1 , M  
R P ( J , K )  =  0 . 0  
D O  7 0  1 = 1 , N  
7 0  R P ( J , K )  =  R P ( J , K )  +  A ( J i I ) * A ( K , I ) * X ( I )  
N I  =  N I  +  1  
I F ( N I . G T . N N I )  G O  T O  2 4 5  
I F ( P T )  6 9 1 , 7 1 , 7 4  
7 1  D O  7 2  J = i , M  
R P ( J , M + 1 )  =  0 . 0  
7 2  R P ( M + 1 , J )  =  C P ( J )  
R P ( M + 1 , M + 1 )  =  1 .  
Ill 
G O  T O  7 6  
7 4  D O  7 5  J = 1 , M  
R P ( M + 1 , J )  =  C P ( J )  
7 5  R P ( J , M + 1 )  =  C P { J Î  
R P ( M + 1 , M + 1 )  =  0 . 0  
7 6  D O  8 0  1 = 1 , M  
D O  8 0  J  =  1 , N  
8 0  A P P d . J )  =  A ( I , J Î  
I F ( P T )  6 9 1 ,  7 0 0 ,  8 3 3  
7 0 0  D O  8 5 0  1 = 1 , M  
A T F ( I )  = 0 . 0  
D O  8 4 0  J = 1 , N  
8 4 0  A T F ( I )  =  A T F C I )  +  A P P ( I , J ) * F ( J )  
8 5 0  A T F ( I )  =  A T F ( I )  +  C P ( I )  -  C K ( I )  
A T F ( M + 1 )  =  0 . 0  
D O  8 4 5  J = 1 , N  
8 4 5  A T F C i M + 1 )  =  A T F ( M + 1 )  +  F ( J )  
G O  T O  8 2 0  
8 3 3  D O  8 3 5  1 = 1 , M P I  
A T F ( I ) = 0 . 0  
D O  8 3 5  J = 1 , N  
8 0 0  A P P ( M + 1 , J )  =  1 . 0  
8 3 5  A T F I I )  =  A T F ( I )  + A P P ( I , J ) * F ( J )  
D O  8 3 6  1 = 1 , M  
8 3 6  A T F ( I )  =  A T F ( I )  -  C K ( I )  
8 2 0  I F  ( C H E C K )  G O  T O  8 1 0  
9 3  C A L L  S I M E Q  ( R P , A T F , M P 1 )  
9 0  D O  9 5  J  =  1 , M  
9 5  P ( J )  =  A T F ( J )  
U  =  A T F { M + 1 )  
I F  ( C H E C K )  G O  T O  8 5  
9 9  D O  9 8  I  =  1 , N  
G ( I )  =  0 . 0  
D O  9 8  J = 1 , M  
9 8  G ( I )  =  G d )  +  A ( J , I ) * P ( J )  
I F ( P T )  6 9 1 , 9 1 , 9 6  
9 1  X B N  =  - U  
D O  1 0 2  1 = 1 , N  
1 0 1  X N ( I )  =  X ( I ) * G ( I )  -  F ( I )  
D E L ( I )  =  X N ( I )  -  X ( I )  
1 0 2  C O N T I N U E  
G O  T O  1 0 0  
9 6  X B N  =  ( 1 .  +  U ) * X B  
D O  1 4 0  1 = 1 , N  
1 3 9  X N ( I ) = - F ( I )  +  X ( I ) * X B N / X B  +  G ( I ) * X ( I )  
D E L ( I )  =  X N ( I )  -  X ( I )  
1 4 0  C O N T I N U E  
1 0 0  F T N  = 0 . 0  
C  C O M P U T E  M A X I M U M  A L L O W A B L E  C H A N G E  
D E L S  =  X B N  -  X B  
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D L  =  0 . 0  
1 4 5  D L  =  D L  +  0 . 1  
I F  ( D L . G T . l . O )  G O  T O  1 5 5  
D F D L  =  0 . 0  
X B N  =  X B  +  D L * O E L B  
I F ( P T )  6 9 1 , 1 4 6 , 1 4 8  
1 4 6  D O  1 4 7  1 = 1 , N  
X N ( I )  =  X ( I )  +  D L * D E L ( I )  
I F ( X N ( I ) . L T . 0 - 0 )  G O  T O  1 5 5  
1 4 3  O F D L  =  D F D L  +  O E L ( I ) * ( C ( I Ï  + D L O G ( X N ( I ) ) 1  
1 4 7  C O N T I N U E  
G O  T O  1 5 1  
1 4 8  D O  1 5 0  1 = 1 , N  
X N ( I )  =  X ( I )  +  D L * D E L ( I )  
I F  ( X N (  D . L T . O . O J  G O  T O  1 5 5  
1 4 9  D F D L  =  D F D L  +  D E L ( I ) * ( C ( I )  +  D L O G ( X N ( I ) / X B N ) )  
1 5 0  C O N T I N U E  
1 5 1  I F ( D F D L . L E . O . O )  G O  T O  1 4 5  
1 5 5  D L  =  D L  -  0 . 1 0  
I F  ( D L . G T . O . O )  G O  T O  2 0 0  
D L  =  0 . 0 5  
1 6 9  D F D L  =  0 . 0  
X B N  =  X B  +  D L * D E L B  
I F ( P T )  6 9 1 , 1 5 6 , 1 5 9  
1 5 6  D O  1 6 0  1 = 1 , N  
X N ( I )  =  X ( I )  +  D L * D E L ( I )  
I F  ( X N (  D . L T . O . O )  G O  T O  1 5 8  
1 5 7  D F D L  =  D F D L  +  D E L ( I ) * ( C ( I )  +  D L O G ( X N ( I ) ) )  
1 6 0  C O N T I N U E  
G O  T O  1 6 1  
1 5 9  D O  1 5 3  1 = 1 , N  
X N ( I )  =  X d )  +  D L * D E L ( I )  
I F ( X N ( I ) . L T . O . O )  G O  T O  1 5 8  
1 5 2  D F D L  =  O F D L  +  D E L ( I ) * ( C ( I )  +  D L O G ( X N ( I J / X B N ) )  
1 5 3  C O N T I N U E  
1 6 1  I F ( O F D L . L E . O . O )  G O  T O  2 0 0  
1 5 8  D L  =  D L / 2 . 0  
I F  ( D L . L T . 1 . E - 6 0 J  G O  T O  6 1 0  
G O  T O  1 6 9  
2 0 0  X B  =  X B  +  D L * D E L B  
X B L  =  0 . 0  
I F ( P T )  6 9 1 , 2 0 1 , 2 0 8  
2 0 1  D O  2 0 7  1 = 1 , N  
2 0 6  X ( I )  =  X ( I )  +  D L * D E L ( I )  
F ( I )  =  X ( I ) * ( C ( I )  +  D L O G t X d ) ) )  
X B L  =  X B L  +  X ( I )  
FTN =  F T N  +  F ( I )  
2 0 7  C O N T I N U E  
G O  T O  2 1 1  
2 0 8  D O  2 1 0  1 = 1 , N  
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2 0 9  X ( I )  =  X { I )  +  D L * D E L ( I )  
F ( I )  =  X ( I ) * ( C ( I )  +  D L 0 G ( X ( I ) / X 8 ) )  
X B L  =  X B L  +  X ( I )  
F T N  =  F T N  +  F ( I )  
2 1 0  C O N T I N U E  
2 1 1  D O  2 5 5  1 = 1 , N  
2 5 5  X M F ( I )  =  X ( I ) / X B  
I F  ( C H E C K )  G O  T O  3 0 0  
2 4 0  O F T  =  F T  -  F T N  
I F  ( D F T . L T . D D F T )  G O  T O  2 5 0  
F T  =  F T N  
G O  T O  6 9 5  
C  P R I N T  O U T  R E S U L T S  
2 4 5  W R I T E ( 3 , 2 4 6 )  
2 4 6  F O R M A T ( 5 X , 2 4 H I T E R A T I 0 N  L I M I T  E X C E E D E D )  
2 5 0  W R I T E  ( 3 , 1 3 )  
W R I T E  ( 3 , 1 4 )  B C D ( l ) ,  B C D ( 2 )  
I F ( P T )  6 9 1 ,  7 1 0 ,  7 1 2  
7 1 0  W R I T E ( 3 r 2 2 )  T ,  V  
G O  T O  7 1 4  
7 1 2  W R I T E  ( 3 , 2 1 )  T ,  F T  
7 1 4  W R I T E ( 3 , 2 6 0 ) ( B C D ( I ) , X ( I ) , X M F ( I ) , I = 1 , N )  
2 6 0  F O R M A T ( / 1 0 X , 8 H C 0 M P 0 U N D , 1 2 X , 5 H M 0 L E S , 1 2 X ,  
1 1 3 H M 0 L E  F R A C T I 0 N / ( H X , A 6 , 8 X 0 1 4 . 6 , 6 X 0 1 4 . 6 , / ) )  
W R I T E ( 3 , 4 0 0 )  
W R I T E ( 3 , 2 1 6 ) ( C K ( I ) , I = 1 , M )  
W R I T E ( 3 , 2 3 C )  X 8 , X B L  
2 3 0  F O R H A T ( 1 0 X , 1 3 H T O T A L  M O L E S  = , F 1 0 . 5 , 8 X , F 1 0 . 5 )  
G O  T O  1 5  
3 0 0  W R I T E  ( 3 , 3 1 3 )  ( B C D ( I ) ,  X ( I ) ,  X M F ( I ) ,  F ( I ) ,  I  =  1 , N )  
3 1 3  F O R M A T ( 1 0 X 8 H C O M P O U N D , 1 2 X , 5 H M O L E S , 1 2 X , 1 3 H M O L E  F R A C T I O N ,  
1 6 X , 1 1 H F R E E  E N E R G Y / ( 1 1 X , A 6 , 8 X 0 1 4 . 6 , 8 X 0 1 4 . 6 , 8 X 0 1 4 . 6 , / ) )  
W R I T E ( 3 , 2 1 5 )  F T N , N I  
W R I T E ( 3 , 2 1 4 )  D L , X B , X B L  
2 1 4  F O R M A T ( 1 0 X , 1 1 H S T E P  S I Z E  = , F 7 . 4 , 1 3 H T 0 T A L  M O L E S  = ,  
1 F 1 0 . 5 , 4 H A N D  , F 1 0 . 5 )  
W R I T E  ( 3 , 4 0 0 )  
4 0 0  F O R M A T ( 1 0 X 3 H R E S I D U E S )  
W R I T E ( 3 , 2 1 6 )  ( C K d ) ,  1 = 1 , M )  
2 1 6  F O R M A T  ( / 1 2 F 1 0 - 5 , / )  
G O  T O  2 4 0  
3 0 5  W R I T E  ( 3 , 3 1 3 )  ( 3 C D ( I ) ,  X ( I ) ,  X M F ( I ) ,  F ( I ) ,  1 = 1 , N )  
W R I T E { 3 , 2 1 5 ) F T , N I  
2 1 5  F O R M A T ( 1 0 X 1 9 H T O T A L  F R E E  E N E R G Y  = , F 1 5 . 5 ,  
1 2 X 1 2 H I T E R A T I 0 N S  = , I 3 )  
W R I T E ( 3 , 4 0 1 )  X B , X B L  
4 0 1  F O R M A T ( 1 0 X 1 3 H T O T A L  M O L E S  = , F 1 0 . 5 , 4 H A N D  , F 1 0 . 5 )  
G O  T O  6 9 5  
6 1 0  W R I T E  ( 3 , 6 1 5 )  
6 1 5  F O R M A T  ( 5 X 4 H N U T S )  
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G O  T O  2 5 0  
8 1 0  I F  ( N I . G T . 3 )  G O  T O  9 3  
W R I T E ( 3 , 4 0 2 )  
4 0 2  F O R M A T ( 5 X 2 3 H A U G M E N T E D  A ( I , J )  M A T R I X )  
W R I T £ ( 3 , 4 0 7 )  
4 0 7  F 0 R M A T ( 5 X 2 7 H A  R O W  O F  l . C  H A S  B E E N  A D D E D )  
3 1  W R I T E  ( 3 , 8 2 )  ( ( A P P ( I , J ) , I = 1 , M P 1 ) , J = 1 , N )  
8 2  F O R M A T  ( / 2 0 F 6 . 1 , / )  
W R I T E ( 3 , 4 0 3 )  
4 0 3  F O R M A T ( 1 0 X 3 H R P  )  
8 3  W R I T E  ( 3 , 8 2 )  ( ( R P ( I , J ) , I = I , H P 1 ) , J = 1 , M P I )  
W R I T E ( 3 , 4 G 4 )  
4 0 4  F O R M A T ( I 0 X 3 H A T F )  
W R I T E  ( 3 , 3 4 )  ( A T F ( I ) ,  1 = 1 , M P I )  
8 4  F O R M A T  ( / 1 0 F 1 2 . 3 , / )  
G O  T O  9 3  
8 5  W R I T E ( 3 , 4 0 5 )  
4 0 5  F O R M A T ( 1 0 X 2 7 H  U  A N D  L A G R A N G E  M U L T I P L I E R S )  
W R I T E  ( 3 , 9 7 )  U ,  ( P ( I ) ,  1 = 1 , M )  
9 7  F 0 R M A T ( 1 0 X , 1 1 F 1 0 . 5 )  
G O  T O  9 9  
6 9 1  W R I T E ( 3 , 6 9 2 )  
6 9 2  F O R M A T  ( 1 C X 2 0 H P R E S S U R E  I S  N E G A T I V E )  
6  S T O P  
E N D  
S U B R O U T I N E  S I M E Q  ( A , B , N )  
C  S O L V E S  A  S E T  O F  S I M U L T A N E O U S  E Q U A T I O N S  
D O U B L E  P R E C I S I O N  A ( l l , l l ) ,  8 ( 1 1 )  
D O  1 1  1 = 1 , N  
I F  ( A ( I , I ) )  1 , 2 5 , 1  
2 5  I I  =  I  +  1  
D O  2 9  L = I 1 , N  
I F  ( A ( L , I ) )  3 0 , 2 9 , 3 0  
2 9  C O N T I N U E  
W R I T E  ( 3 , 1 0 0 0 )  
S T O P  
3 0  D O  3 5  K = I , N  
F  =  A ( L , K )  
A ( L , K )  =  A ( I , K )  
3 5  A ( I , K )  -  F  
F  =  B ( L )  
B ( L )  =  B ( I )  
B ( I )  =  F  
1  D O  6  K = 1 , N  
I F  ( K - I )  5 , 6 , 5  
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5  A ( I , K )  =  A { I , K ) / A ( I , I )  
6  C O N T I N U E  
8 1 1 )  =  8 ( I ) / A ( I , I )  
A i  1 , 1 )  =  1 . 0  
D O  1 0  J = i , N  
I F  ( J - i )  7 , 1 0 , 7  
7  D O  9  K = 1 , N  
I F  Î K - Ï )  8 , 9 , 8  
8  A ( J , K )  =  A ( J , K )  -  A ( J , I ) * A ( I , K )  
9  C O N T I N U E  
B ( J )  =  S ( J )  -  A ( J , I ) » B ( I )  
A ( J , I )  =  0 . 0  
1 0  C O N T I N U E  
1 1  C O N T I N U E  
1 0 0 0  F O R M A T  ( 2 8 H D E T E R M I N A N T  =  0 ,  N O  S O L U T I O N )  
R E T U R N  
E N D  
Figure 25. Block diagram of basic equilibrium calculations 
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Figure 26. Calculation of the x^'s 
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C  I N T E R P O L A T I O N  P R O G R A M  
C  T H I S  I S  A  P R O G R A M  F O R  C O M P U T I N G  E Q U I L I B R I U M  
C  C O M O S I T I O N S  O F  A  G A S  M I X T U R E  O F  N  S P E C I E S  C O N T A I N I N G  
C  M  A T O M I C  T Y P E S .  I T  I S  K I N E T I C S  F R E E  A N D  O P E R A T E S  B Y  
C  M I N I M I Z I N G  T H E  T O T A L  F R E E  E N E R G Y  O F  T H E  M I X T U R E .  
D I M E N S I O N  8 C 0 ( 1 3 ) , F I ( 1 3 , 6 ) , H ( 1 3 ) , I E R ( 1 3 )  
D O U B L E  P R E C I S I O N  G ( 1 3 ) , D E L ( 1 3 ) , X M F ( 1 3 ) , X R ( 1 3 ) , F ( 1 3 )  
D O U B L E  P R E C I S I O N  C ( 1 3 1 , R P ( 5 , 5 ) , A P P ( 5 , 1 3 ) , P ( 5 ) , A T F C 5 )  
D O U B L E  P R E C I S I O N  C P ( 4 ) , C K ( 4 ) , F X ( 6 ) , F R ( 1 3 ) , T I ( 1 3 )  
D O U B L E  P R E C I S I O N  X ( 1 3 ) , B ( 4 ) , X N ( 1 3 1 , A ( 4 , 1 3 ) , F R T ( 1 3 )  
L O G I C A L  C H E C K  
D O U B L E  P R E C I S I O N  X B , F T , X B N , D E L 3 , D F Û L , D L , D L 0 G , 0 Z , Z S , T C  
C  R E A D  I N  D A T A  
5  R E A D ( 1 , 1 0 )  M ,  N ,  N P ,  M P  
1 0  F O R M A T ( 4 1 4 )  
R E A D ( 1 , 8 )  ( B ( I ) , I = 1 , M )  
8  F O R M A T ( 8 F 1 0 . 5 )  
M P 1 = M + 1  
R T  =  1 . 9 8 7  
C  T H E  O R D E R  O F  B C D  M U S T  B E  P R E S E R V E D  F O R  O T H E R  V A R I A B L E S  
R E A D  ( 1 , 1 1 )  ( B C D ( K ) ,  K = 1 , N )  
1 1  F O R M A T  ( 1 3 A Ô )  
C  T H E  A ( I t J )  M A T R I X  I S  R E A D  I N  B Y  R O W S  
R E A D  ( 1 , 1 2 )  ( ( A ( I , J ) ,  1 = 1 , M ) ,  J = 1 , N )  
1 2  F O R M A T  ( 2 0 F 4 . 1 )  
W R I T E  ( 3 , 1 3 )  
1 3  F O R M A T  ( I H l )  
W R I T E  ( 3 , 1 4 )  3 C D ( 1 ) ,  B C D ( 2 )  
1 4  F O R M A T  ( 5 X 4 4 H E Q U I L I B R I U M  C O M P O S I T I O N S  F O R  T H E  R E A C T I O N  
1  0 F , A 6 , 5 H  A N D  , A 6 )  
R E A D  ( 1 , 5 1 )  D D F T , N N I , D F R  
R E A D  ( 1 , 5 0 0 )  C H E C K  
R E A D ( 1 , 2 0 )  T , P T , V , T C , D Z , D T , Z S  
D O  7  1 = 1 , N  
F I ( I , K )  I S  ( F - H ) / T  F O R  T H I S  P R O G R A M  
R E A D (  1 , 2 0 )  ( F I (  I , J ) , J = 1 , N P )  , H ( I )  
R E A D ( 1 , 2 0 ) ( X R ( I ) , I = 1 , N )  
D O  9 0 6  L = 1 , M P  
D O  1 6  1 = 1 , N  
X ( I ) = X R ( I )  
I T E R P O L A T I O N  S T E P  
D O  4 1  1 = 1 , N  
D O  9 0 5  K = 1 , N P  
F X ( K ) = F I { I , K )  
C A L L  0 A T S E ( T C , Z S , D Z , F X , N P , 1 , T I , F R , N P )  
C A L L  D A L I ( T C , T I , F R , F R T ( I ) , N P , D F R , I E L )  
I E R ( I ) = I E L  
F R T ( I )  =  F R T ( I )  +  H ( I ) / T C  
F R T ( Ï )  =  F R T Î D / R T  
F O R M A T ( 8 F I G . 3 )  
7  
1 5  
1 6  
9 0 5  
4 1  
20 
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2 4  F O R M A T  ( 8 F 1 0 . 1 )  
I F ( C H E C K )  G O  T O  4 1 0  
G O  T O  2 3  
4 1 0  I F ( P T )  6 9 1 , 1 8 , 1 9  
1 8  W R 1 T E ( 3 , 2 2 )  T ,  V  
W R I T E ( 3 , 4 1 1 )  
W R I T E ( 3 , 4 1 2 ) ( I E R ( I J , I = 1 , N )  
4 1 1  F O R i M A T d O X S H I E R  = )  
4 1 2  F O R M A T ( 1 2 X , 2 0 1 4 )  
G O  T O  2 3  
1 9  W R I T E ( 3 , 2 1 )  T ,  P T  
W R I T E ( 3 , 4 1 1 )  
W R I T £ { 3 , 4 1 2 ) ( I E R { I ) , I = 1 , N )  
2 2  F O R M A T ( 5 X , 1 3 H T E M P E R A T U R E  = , F 7 . 1 , 1 6 H  D E G R E E S  R A N K I N E ,  
i 4 X , 8 H V 0 L U M E  = , F 1 0 . 3 , 1 2 H  C U B I C  F E E T  )  
2 1  F 0 R M A T { 5 X , 1 3 H T E H P E R A T U R E  = , F 7 . 1 , 1 6 H  D E G R E E S  R A N K I N E ,  
1 4 X , 1 0 H P R E S S U R E  = , F 5 . 1 ,  4 H  A T M . )  
5 1  F O R M A T  ( F 1 C . 7 , I 4 , F 1 0 . 7 )  
5 0  F O R M A T  < 8 F 1 0 . 7 )  
C  C O M P U T E  F R E E  E N E R G Y  F U N C T I O N S  
2 3  M I  =  0 . 0  
X 8  =  0 . 0  
D O  6 5  I  =  1 , N  
6 5  X B  =  X B  +  X ( I )  
D O  2 5 4  1 = 1 , N  
2 5 4  X M F ( I )  =  X ( I ) / X B  
R  =  0 . 7 3 0 2  
F T  =  0 . 0  
I F ( P T )  6 9 1 , 3 1 , 3 3  
3 1  D O  3 2  1 = 1 , M  
C ( I )  =  F R T ( I )  +  A L O G ( ( R * T ) / V )  
3 4  F ( I )  =  X ( I ) * ( C ( I )  +  D L O G C X d ) ) )  
F T  =  F T  +  F d )  
3 2  C O N T I N U E  
G O  T O  2 3  
3 3  D O  2 7  1 = 1 , N  
C d )  =  F R T ( I )  +  A L O G ( P T )  
2 6  F ( I )  =  X ( I ) * ( C ( I )  +  D L 0 G ( X d } / X 8 )  )  
F T  =  F T  +  F d >  
2 7  C O N T I N U E  
5 0 0  F O R M A T  ( L 6 )  
2 8  I F ( C H E C K )  G O  T O  3 0 5  
C  C O M P U T E  R  M A T R I X  
6 9 5  0 0  4 0  1 = 1 , M  
C P ( I )  =  0 . 0  
D O  1 7  J = 1 , N  
1 7  C P ( I )  =  C P d )  +  X ( J ) * A d , J )  
I F ( N I . E Q . O . O )  G O  T O  5 0 2  
I F ( C K ( I ) . L E . l . E - 6 0 )  G O  T O  5 0 1  
5 0 2  C K ( I )  =  C P d )  -  B d )  
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G O  T O  4 0  
5 0 1  C K ( I )  =  0 . 0  
4 0  C O N T I N U E  
D O  7 0  K = I , M  
D O  7 0  J = 1 , M  
R P ( J , K )  =  0 . 0  
D O  7 0  1 = 1 , M  
7 0  R P ( J , K J  =  R P ( J , K )  +  A ( J , I ) * A ( K , I ) * X ( I )  
N I  =  N I  +  1  
I F  ( N I . G T . N N I )  G O  T O  2 4 5  
I F ( P T )  6 9 1 , 7 1 , 7 4  
7 1  0 0  7 2  J = 1 , M  
R P ( J , i M + l )  =  0 . 0  
7 2  R P ( M + 1 , J )  =  C P ( J )  
R P ( M + 1 , H + 1 )  =  1 .  
G O  T O  7 6  
7 4  D O  7 5  J = 1 , M  
R P ( M + 1 , J )  =  C P ( J )  
7 5  R P ( J , H + 1 )  =  C P ( J )  
R P ( M + 1 , M + 1 )  =  0 . 0  
7 6  0 0  8 0  1 = 1 , M  
D O  3 0  J  =  1 , N  
3 0  A P P ( I , J )  =  A ( I , J )  
I F ( P T )  6 9 1 ,  7 0 0 ,  8 3 3  
7 0 0  D O  8 5 0  1 = 1 , M  
A T F ( I )  =  0 . 0  
D O  8 4 0  J = 1 , N  
8 4 0  A T F ( I )  =  A T F ( I )  +  A P P ( I , J ) * F ( J )  
8 5 0  A T F d )  =  A T F ( I )  +  C P ( I )  -  C K ( I )  
A T F ( M + 1 )  = 0 . 0  
D O  8 4 5  J = 1 , N  
8 4 5  A T F ( M + 1 )  =  A T F ( M + 1 )  +  F ( J )  
G O  T O  8 2 0  
8 3 3  D O  8 3 5  1 = 1 , M P I  
A T F ( I ) = 0 . 0  
D O  8 3 5  J = 1 , N  
8 0 0  A P P ( M + 1 , J )  =  1 . 0  
8 3 5  A T F ( I )  =  A T F ( I )  + A P P ( I , J ) * F ( J )  
D O  8 3 6  1 = 1 , M  
8 3 6  A T F d )  =  A T F d )  -  C K  { I  )  
8 2 0  I F ( C H E C K )  G O  T O  8 1 0  
9 3  C A L L  S I M E Q  ( R P , A T F , M P 1 )  
9 0  D O  9 5  J  =  1 , M  
9 5  P ( J )  =  A T F ( J )  
U  =  A T F ( M + 1 )  
I F  ( C H E C K )  G O  T O  8 5  
9 9  D O  9 8  I  =  1 , N  
G d )  =  0 . 0  
D O  9 8  J = 1 , M  
9 8  G d )  =  G ( I )  +  A ( J , I ) * P ( J )  
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I F ( P T )  6 9 1 , 9 1 , 9 6  
9 1  X S N  =  - U  
D O  1 0 2  1 = 1 , N  
1 0 1  X N ( I )  =  X ( I ) * G ( I )  -  F d )  
D E L ( I )  =  X N ( I )  -  X ( I )  
1 0 2  C O N T I N U E  
G O  T O  1 0 0  
9 6  X B N  =  ( 1 .  +  U ) * X B  
D O  1 4 0  1 = 1 , N  
1 3 9  X N { I ) = - F ( I )  +  X ( I ) * X B N / X B  +  G ( I ) * X ( I )  
D E L ( I )  =  X N ( I )  -  X ( I )  
1 4 0  C O N T I N U E  
I C Q  F T N  =  0 . 0  
C  C O M P U T E  M A X I M U M  A L L O W A B L E  C H A N G E  
D E L B  =  X B N  -  X B  
D L  =  0 . 0  
1 4 5  D L  =  D L  +  0 . 1  
I F  ( D L . G T . l . G )  G O  T O  1 5 5  
D F O L  =  0 . 0  
X B N  =  X B  +  D L * D E L B  
I F < P T )  6 9 1 , 1 4 6 , 1 4 8  
1 4 6  D O  1 4 7  1 = 1 , N  
X N ( I )  =  X ( I )  +  D L * D E L ( I )  
I F { X N ( I ) . L T . O . O )  G O  T O  1 5 5  
1 4 3  D F D L  =  O F D L  +  D E L ( I ) * ( C ( I )  + D L O G I X N ( I ) ) )  
1 4 7  C O N T I N U E  
G O  T O  1 5 1  
1 4 3  D O  1 5 0  1 = 1 , N  
X N I I )  =  X ( I )  +  D L * D E L ( I )  
I F  { X N ( I ) . L T . O . O )  G O  T O  1 5 5  
1 4 9  D F D L  =  D F D L  +  D Ë L ( I ) * ( C C I Î  +  D L O G C X N ( I ) / X 8 N ) )  
1 5 0  C O N T I N U E  
1 5 1  I F ( D F D L . L E . O . C )  G O  T O  1 4 5  
1 5 5  D L  =  D L  -  0 . 1 0  
I F  ( Û L . G T . O . C )  G O  T O  2 0 0  
D L  =  0 . 0 5  
1 6 9  D F D L  =  0 . 0  
X B N  =  X B  +  D L * D E L S  
I F ( P T )  6 9 1 , 1 5 6 , 1 5 9  
1 5 6  D O  1 6 0  1 = 1 , N  
X N ( i )  =  X I I )  +  D L * D E L ( I )  
I F  ( X N ( I ) . L T . O . C )  G O  T O  1 5 8  
1 5 7  D F D L  =  D F D L  +  D E L C I ) * ( C ( I )  +  D L O G C X N I I ) ) )  
1 6 0  C O N T I N U E  
G O  T O  1 6 1  
1 5 9  D O  1 5 3  1 = 1 , N  
X N ( I )  =  X ( I )  +  D L * D E L ( I )  
I F ( X N (  D . L T . O . O )  G O  T O  1 5 8  
1 5 2  D F D L  =  O F D L  +  D E L ( I ) * ( C ( I )  +  D L O G ( X N ( I ) / X B N ) )  
1 5 3  C O N T I N U E  
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1 6 1  I F ( D F D L . L E , 0 . 0 )  G O  T O  2 0 0  
1 5 8  D L  =  D L / 2 . 0  
I F  ( D L . L T . l . E - 6 0 )  G O  T O  6 1 0  
G O  T O  1 6 9  
2 0 0  X B  =  X 3  +  D L * D E L B  
X 8 L  =  0 . 0  
I F ( P T )  6 9 1 , 2 0 1 , 2 0 8  
2 0 1  D O  2 0 7  1 = 1 , N  
2 0 6  X ( I )  =  X ( I )  +  D L * D E L ( I )  
F ( I )  =  X ( I Î * ( C ( I )  +  D L O G ( X ( I ) } )  
X B L  =  X B L  +  X ( I )  
F T N  =  F T N  +  F d )  
2 0 7  C O N T I N U E  
G O  T O  2 1 1  
2 0 8  D O  2 1 0  1 = 1 , M  
2 0 9  X ( I )  =  X ( I )  +  D L * D E L ( I )  
F ( I )  =  X ( I ) * ( C ( I )  +  D L O G ( X ( I ) / X B ) )  
X 3 L  =  X B L  +  X ( I )  
F T N  =  F T N  +  F { I )  
2 1 0  C O N T I N U E  
2 1 1  D O  2 5 5  1 = 1 , N  
2 5 5  X H F ( I )  =  X ( I ) / X B  
I F  ( C H E C K )  G O  T O  3 0 0  
2 4 0  O F T  =  F T  -  F T N  
I F  ( O F T . L T . D D F T )  G O  T O  2 5 0  
F T  =  F T N  
G O  T O  6 9 5  
C  P R I N T  O U T  R E S U L T S  
2 4 5  W R I T E ( 3 , 2 4 6 )  
2 4 6  F 0 R M A T ( 5 X 2 4 H I T E R A T I 0 N  L I M I T  E X C E E D E D )  
2 5 0  W R I T E  ( 3 , 1 3 )  
W R I T E  ( 3 , 1 4 )  B C D ( l ) ,  3 C D ( 2 )  
I F ( P T )  6 9 1 ,  7 1 0 ,  7 1 2  
7 1 0  W R I T E ( 3 , 2 2 )  T ,  V  
G O  T O  7 1 4  
7 1 2  W R I T E  ( 3 , 2 1 )  T ,  P T  
7 1 4  W R I T £ ( 3 , 2 6 0 ) ( B C D ( I ) , X ( I ) , X M F ( I ) , I = 1 , N )  
2 6 0  F O R M A T ( / 1 0 X , 8 H C O M P Q U N D î l 2 X , 5 H M O L E S , 1 2 X ,  
1 1 3 H M Q L E  F R A C T I O N / ( l l X z A ù , 8 X 0 1 4 . 6 , 8 X 0 1 4 . 6 , / ) )  
W R I T E ( 3 , 4 0 0 )  
W R I T E ( 3 , 2 1 6 ) ( C K ( I ) , I = 1 , M )  
W R I T E ( 3 , 2 3 0 )  X 3 , X B L  
2 3 0  F 0 R M A T ( 1 C X , 1 3 H T 0 T A L  M O L E S  = , F l O . 5 , 8 X , F 1 0 . 5 )  
G O  T O  9 0 9  
3 0 0  W R I T E  ( 3 , 3 1 3 )  ( B C D ( I ) ,  X ( I ) ,  X M F ( I ) ,  F ( I ) ,  I  =  1 , N )  
3 1 3  F 0 R M A T ( 1 0 X 8 H C 0 M P 0 U N D , 1 2 X , 5 H M Q L E S , 1 2 X , 1 3 H M 0 L E  F R A C T I O N ,  
1 6 X , 1 1 H F R E E  E N E R G Y / ( 1 1 X , A 6 , 8 X 0 1 4 . 6 , 8 X 0 1 4 . 6 , 8 X 0 1 4 . 6 , / ) )  
W R I T E ( 3 , 2 1 5 )  F T N , N I  
W R I T E ( 3 , 2 1 4 )  D L , X B , X B L  
2 1 4  F 0 R M A T ( 1 0 X , 1 1 H S T E P  S I Z E  = , F 7 . 4 , 1 3 H T 0 T A L  M O L E S  = ,  
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1 F 1 0 . 5 , 4 H A N 0  , F 1 0 . 5 )  
W R I T E  ( 3 , 4 0 0 )  
4 0 0  F O R M A T ( 1 0 X 8 H R E S I D U E S )  
W R I T E ( 3 . 2 1 6 )  ( C K ( I ) ,  1 = 1 , M )  
2 1 6  F O R M A T  ( / 1 2 F 1 0 . 5 , / )  
G O  T O  2 4 0  
3  W R I T E  ( 3 , 3 1 3 )  ( B C D ( I ) ,  X ( I ) ,  X M F ( l ) ,  F ( I ) ,  1 = 1 , N )  
W R I T E ( 3 , 2 1 5 ) F T , N I  
2 1 5  F 0 R M A T ( 1 0 X 1 9 H T 0 T A L  F R E E  E N E R G Y  = , F 1 5 . 5 ,  
1 2 X 1 2 H I T E R A T I 0 N S  = , I 3 )  
W R I T E ( 3 , 4 0 1 )  X 3 , X 8 L  
4 0 1  F O R M A T ( 1 0 X 1 3 H T O T A L  M O L E S  = , F 1 0 . 5 , 4 H A N D  , F 1 C . 5 >  
G O  T O  6 9 5  
6 1 0  W R I T E  ( 3 , 6 1 5 )  
6 1 5  F O R M A T  ( 5 X 4 H N U T S )  
G O  T O  2 5 0  
8 1 0  I F  ( N I . G T . 3 )  G O  T O  9 3  
W R I T E ( 3 , 4 0 2 )  
4 0 2  F 0 R M A T ( 5 X 2 3 H A U G M E N T E 0  A d , J )  M A T R I X )  
W R I T E ( 3 , 4 0 7 )  
4 0 7  F 0 R M A T ( 5 X 2 7 H A  R O W  O F  1 . 0  H A S  S E E N  A D D E D )  
8 1  W R I T E  ( 3 , 8 2 )  ( ( A P R ( I , J ) , I = 1 , M P 1 ) , J = l , N )  
8 2  F O R M A T  ( / 2 0 F 6 . 1 , / )  
W R I T E ( 3 , 4 0 3 )  
4 0 3  F O R M A T { 1 0 X 3 H R P  )  
8 3  W R I T E  ( 3 , 8 2 )  ( ( R P ( I , J ) , 1 = 1 , M P 1 ) , J = 1 , M P I )  
W R I T E ( 3 , 4 0 4 )  
4 0 4  F 0 R M A T ( 1 0 X 3 H A T F )  
W R I T E  ( 3 , 8 4 )  ( A T F ( I ) ,  1 = 1 , M P I )  
8 4  F O R M A T  ( / 1 0 F 1 2 . 3 , / )  
G O  T O  9 3  
8 5  W R I T E ( 3 , 4 0 5 )  
4 0 5  F O R M A T ( 1 0 X 2 7 H  U  A N D  L A G R A N G E  M U L T I P L I E R S )  
W R I T E  ( 3 , 9 7 )  U ,  ( P ( I ) ,  1 = 1 , H )  
9 7  F O R M A T ( 1 0 X , 1 1 F 1 0 . 5 )  
G O  T O  9 9  
9 0 9  T C = T C + O T  
T = T + D T * 1 . 8  
9 0 6  C O N T I N U E  
G O  T O  6  
6 9 1  W R I T E ( 3 , 6 9 2 )  
6 9 2  F O R M A T  ( 1 0 X 2 0 H P R E S S U R E  I S  N E G A T I V E )  
6  S T O P  
E N D  
S U B R O U T I N E  S I M E Q  ( A , B , N )  
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S O L V E S  A  S E T  O F  S I M U L T A N E O U S  E Q U A T I O N S  
D O U B L E  P R E C I S I O N  A ( l l , l l ) ,  8 ( 1 1 )  
D O  1 1  1 = 1 , N  
I F  ( A ( I , I ) )  1 , 2 5 , 1  
2 5  I I  =  I  +  1  
D O  2 9  L = I 1 , M  
I F  { A ( L , I ) )  3 0 , 2 9 , 3 0  
2 9  C O N T I N U E  
W R I T E  ( 3 , 1 0 0 0 )  
S T O P  
3 0  D O  3 5  K = I , N  
F  =  A ( L , K )  
A ( L , K )  =  A ( I , K )  
3 5  A ( I , K )  =  F  
F  =  8 ( L )  
B ( L )  =  3 ( 1 )  
8(1)  = r-
1  D O  6  K = 1 , N  
I F  ( K - I )  5 , 6 , 5  
5  A ( I , K )  =  A ( I , K ) / A ( 1 , 1 )  
6  C O N T I N U E  
8 ( I )  =  B ( I ) / A ( I , I )  
A ( I , I )  =  1 . 0  
D O  1 0  J = 1 , N  
I F  ( J - I )  7 , 1 0 , 7  
7  D O  9 K = 1 , N  
I F  ( K - I )  8 , 9 , 8  
8  A ( J , K )  =  A ( J , K )  -  A ( J , I ) * A ( I , K )  
9  C O N T I N U E  
B ( J )  =  3 ( J )  -  A ( J , I ) » B ( I )  
A ( J , I )  =  0 . 0  
1 0  C O N T I N U E  
1 1  C O N T I N U E  
1 0 0 0  F O R M A T  ( 2 8 H D E T E R M I N A N T  =  0 ,  N O  S O L U T I O N )  
R E T U R N  
E N D  
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C  P O I N T  T O  P O I N T  E Q U I L I B R I U M  
D I M E N S I O N  3 C D ( 9 )  
D O U B L E  P R E C I S I O N  F E ( 9 )  
D O U B L E  P R E C I S I O N  B E ( 9 ) , D E ( 9 ) , E E ( 9 ) , C ( 9 ) , X ( 9 ) , X 3 ( 9 )  
D O U B L E  P R E C I S I O N  T I C , T I E , T I N , F , X S U M , V , T , O S I N , D C O S , D A B S  
D O U B L E  P R E C I S I O N  X N ( 9 ) , T I , X S , D T I , D T , T I , D E X P , T I X  
D O U B L E  P R E C I S I O N  X E ( 9 ) , C X ( 3 )  
R E A 0 ( 1 , 1 )  N C , N E  , M ,  N O ,  N  
R E A D  ( 1 , 2 )  T C , T E , A ï W M , F O , C D , E X D , P M A  
R E A D ( 1 , 2 )  F R , P , D T I , D T , P M 2 , P M 3 ,  G M  
R E A D { 1 , 6 )  ( B C D d )  , I  =  1 , N E )  
R E A D ( 1 , 4 ) ( B E ( I ) , 1 = 1 , N E ) , ( E E ( I ) , 1 = 1 , N E )  
R E A D ( 1 , 4 )  ( D E ( I ) , I = 1 , N E ) , ( F E ( I } , 1 = 1 , N E )  
R E A D ( 1 , 5 )  ( C ( I ) , I = 1 , N E ) , ( C X ( I ) , I = 1 , N )  
W R I T É ( 3 , 8 )  
a  F O R M A T  ( 1 H 1 , 2 0 X , 1 C H I N P U T  D A T A )  
W R I T E  ( 3 , 9 )  N C ,  N E ,  M  
9  F 0 R M A T ( 1 G X , 3 I 4 )  
W R I T E  ( 3 , 2 )  T C , T E , A , W M , F D , C D , E X D , P M A  
W R I T E ( 3 , 1 5 )  ( 3 C D ( I ) , I = 1 , N E )  '  
1 5  F O R M A T ( 5 X , 1 3 A 6 )  
1 6  F 0 R M A T ( 5 X , 5 D 1 5 . 6 )  
1  F O R M A T ( 8 1 2 )  
C  I N I T I A L  P A R A M E T E R S .  C A L C U L A T E  W .  
2  F 0 R M A T ( 8 F 1 0 . 5 )  
3  F 0 R M A T ( E 1 0 . 2 )  
5  F O R M A T  ( 5 D 1 5 . Ô )  
4  F Q R M A T ( 5 D 1 5 . 8 )  
6  F O R M A T  ( 1 3 A 6 )  
R T  =  0 . 0 8 2 0 5  
R N = 1 . 9 8 7  
R  =  0 , 7 3 0 2  
C  C A L C U L A T E  T I C ,  T I E ,  A N D  T I N .  
T I C  =  ( l .E3) * P * P M A *FD/ ( W M *R* T C )  
P M A = P M 2  
T I E  =  T I C  +  ? 1 . E 3 ) * P * C D * P M A / ( W M * R * ( T C + T E ) * 0 . 5 )  
P M A = P M 3  
T I N  =  T I E  +  ( l . E 3 } * P * P M A * E X D / ( W M » R * T E )  
F  =  { T C - T E ) / ( T I C - T I E )  
W R I T E  ( 3 , 1 1 )  T C , T E , T I C , T I E , T I N  
1 1  F O R M A T  ( 2 F 1 5 . 3 , 3 0 1 5 . 6 )  
C  D E T E R M I N E  S E C T I O N  A N D  T I M E  S T E P .  
D O  3 5  1 = 1 , N E  
X ( I ) = C ( I )  
3 5  X N ( I ) = 0 . 0  
T I = 0 . 0  
T = T C / 1 . 8 - A  
I W  =  G  
2 9  0 0  3 7  L = 1 , M  
T I = T I + 0 T I  
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2 2  I W = I W + 1  
I F ( T I - T I C )  3 0 , 3 0 , 3 1  
3 0  T = T + D T  
T I X = T I  
T l = T - D T / 2 -
G O  T O  3 6  
3 1  I F ( T I - T I E )  3 2 , 3 2 , 3 8  
3 2  T = T + D T + F * 0 T I / 1 , 8  
T I X = D T I  
T l = T - D T / 2 .  
D O  4 0  1 = 1 , N E  
4 0  X N ( I ) = 0 . 0  
3 6  I F { T I - 2 3 0 0 . 0 )  9 7 , 9 8 , 9 8  
9 8  0 0  9 9  1 = 1 , N E  
9 9  X E ( I ) = 8 E ( I ) * D E X P ( - E E ( I ) / T 1 )  
G O  T O  4 7  
9 7  D O  9 6  1 = 1 , N E  
9 6  X E ( I ) = D E ( I 1 * D E X P { - F E { I ) / T 1 )  
4 7  X E ( 3 ) = C X { 1 ) - X E { 1 )  
D O  4 3  1 = 1 , N E  
X N ( I ) = 0 T I * ( X E ( I ) + C ( I ) ) / 2 . + X N ( I )  
4 3  X 3 ( I ) = X N ( I ) / T Î X  
C  W R I T E  O U T  T H E  R E S U L T S  F O R  T H E  S T E P .  
4 8  I F ( I W - N O )  5 0 , 4 9 , 4 9  
4 9  W R I T E ( 3 , 1 2 4 )  T 1 , T I  
W R I T E ( 3 , 1 2 5 )  ( 3 C D ( I ) , X E ( I ) , X B ( I ) , I = 1 , N E )  
1 2 4  F O R M A T ( 5 X , 1 4 H T E M P E R A T U R E  =  , F 7 . 1 , 1 5 H D E G R E E S  K E L V I N . ,  
1 7 H T I M E  =  , F 7 . 2 , 1 2 H M I L L I S E C 0 N D S )  
1 2 5  F O R M A T ( / 1 0 X S H C O î M P O U N D , 1 2 X , 5 H M O L E S , 1 3 X 1 3 H A V E R A G E  M O L E S /  
l ( l lX ,A6 ,8XD14 .6 ,7XD14-6,/n 
I W = 0  
5 0  D O  5 1  1 = 1 , N E  
5 1  C ( I )  =  X E ( n  
3 7  C O N T I N U E  
D T = - D T  
G O  T O  2 9  
3 8  0 0  3 9  1 = 1 , N E  
3 9  X N ( I ) = 0 . 0  
I W = I W - 1  
T I X = 0 . 0  
T I = T I - O T I  
6 9  D O  6 7  L = 1 , M  
T I = T I + D T I  
I W = I W + 1  
T = T + D T  
I F ( T I - T T N )  3 4 , 1 4 0 , 1 4 0  
3 4  T I X = T I X + D T I  
T l = T - D T / 2 .  
I F ( T l - 2 3 0 0 . 0 )  9 5 , 9 4 , 9 4  
9 4  D O  6 6  1 = 1 , N E  
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6 6  X E ( I ) = B E ( I ) * 0 E X P ( - E E ( I ) / T 1 )  
G O  T O  9 3  
9 5  D O  9 2  1 = 1 , N E  
9 2  X E ( I ) = D E ( I ) * D E X P ( - F E ( I ) / T 1 }  
9 3  X E ( 3 ) = 1 . 0 - X E ( 1 )  
D O  7 6  1 = 1 , N E  
X N ( I Î = D T I * ( X E ( I ) + C ( I ) ) / 2 , + X N ( I )  
7 6  X B ( I ) = X N { I ) / T I X  
6 8  I F d W - i M O )  7 0 , 5 9 , 5 9  
5 9  W R I T E ( 3 , 1 2 4 )  T 1 , T I  
W R I T E ( 3 , 1 2 5 ) { 8 C D { I J , X E { I ) , X B { I ) , I = 1 , N E )  
I W = 0  
7 0  0 0  7 1  1 = 1 , N E  
7 1  C ( I ) = X E ( I )  
6 7  C O N T I N U E  
D T = - D T  
G O  T O  6 9  
1 4 0  W R I T E ( 3 , 1 2 6 )  W M  
1 2 6  F 0 R M A T ( 5 X , 1 1 H F L 0 W  R A T E  = , F 7 . 2 ,  
1 2 8 H P 0 U . N S D 5  P E R  S E C .  P E R  S Q .  F O O T )  
W R I T E ( 3 , 1 2 7 }  F R ,  A  
1 2 7  F O R M A T ! 5 X , 2 3 H 0 S C I L L A T I 0 N  F R E Q U E N C Y  = , F 7 . 1 ,  
1 1 7 H C Y C L E S  P E R  S E C O N D , 5 X , 1 I H A M P L I T U D E  = , F 7 . 1 ,  
2 1 4 H D E G R E E S  K E L V I N )  
W R I T E ( 3 , 1 2 8 )  G M  
1 2 8  F D R H A T ( 1 0 X , 7 H G A M M A  = , F 7 . 3 )  
W R I T E ( 3 , 1 4 1 )  
1 4 1  F O R M A T ( 2 0 X , 7 H T H E  E N D )  
S T O P  
E N D  
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C  Q U A S I - E Q U I L I B R I U M  
D I M E N S I O N  S C D { 9 )  
D O U B L E  P R E C I S I O N  T I C , T I E , T I N , F , X S U M , V , T , D S I N , D C O S , T I  
D O U B L E  P R E C I S I O N  8 ( 1 4 ) , C ( 9 ) , X ( 9 ) , X N ( 9 ) , X B ( 9 ) , B L ( 1 4 )  
D O U B L E  P R E C I S I O N  D E X P , 8 E { 9 ) , E E ( 9 ) , T I X  
D O U B L E  P R E C I S I O N  D T I , D T , T 1 , E ( 1 4 ) , X E ( 9 )  
C  I N I T I A L  P A R A M E T E R S  
W R I T E  ( 3 ,  8 )  
8  F O R M A T  ( 1 H 1 , 2 0 X , 1 C H I N P U T  D A T A )  
R E A D l l , ! )  N C ,  N E ,  M ,  N P ,  N O  
R E A D  ( 1 , 2 )  T C , T E , A , W M , F D , C D , E X D , P M A  
R E A 0 ( 1 , 2 )  F R ,  P ,  D T I ,  D T ,  P M 2 ,  P M 3  
R E A D ( 1 , 6 )  ( B C D ( I ) , I = 1 , N E )  
R E A D ( 1 , 4 )  ( B d )  , I = 1 , N C )  
R E A D ( 1 , 4 ) ( E ( I ) , I = 1 , N C )  
R E A D ( 1 , 4 ) ( 3 E ( I ) , I = 1 , N E ) , ( E E ( I ) , I = 1 , N E )  
R E A 0 ( 1 , 5 )  ( C ( I ) , I = 1 , N E )  
W R I T E  ( 3 , 9 )  N C ,  N E ,  M ,  N P  
3 3  F O R M A T { 3 X , 5 F 1 0 . 6 )  
9  F O R M A T ( l O X , 4 1 4 )  
W R I T E  ( 3 , 2 )  T C , T E , A , W M , F D , C D , E X D , P H A  
W R I T E ( 3 , 1 5 )  ( B C D ( I ) , I = 1 , N E )  
1 5  F O R M A T ( 5 X , 1 3 A 6 )  
1 6  F 0 R M A T ( 5 X , 5 D 1 5 . 6 )  
1  F O R M A T ( 8 1 2 )  
2  F O R M A T ( 8 F 1 0 . 5 )  
3  F O R M A T ( E l O . 2 )  
4  F O R M A T ( 5 D 1 5 . S )  
5  F O R M A T  ( 5 0 1 5 . 6 )  
6  F O R M A T  ( 1 3 A 6 )  
R T = 0 . 0 3 2 0 5  
R N = 1 . 9 8 7  
R = 0 . 7 3 G 2  
C  C A L C U L A T E  T I C ,  T I E ,  A M D  T I N .  
T I C  =  ( l . E 3 ) * P * P M A * F D / ( W M * R * T C )  
P M A = P M 2  
T I E  =  T I C  +  ( 1 . E 3 ) * P * C D » P M A / ( W M » R » ( T C + T E ) * C . 5 )  
P M A = P M 3  
T I N  =  T I E  +  ( l . E 3 ) * P * P M A * E X D / ( W M * R * T E )  
C  F  I S  I N  U N I T S  O F  D E G R E E S  R A N K I N  P E R  M I L L I S E C O N D .  
F  =  ( T C - T E ) / ( T I C - T I E )  
W R I T E  ( 3 , 1 1 )  T C , T E , T I C , T I E , T I N  
1 1  F O R M A T  ( 2 F 1 5 . 3 , 3 D 1 5 . 6 )  
C  D E T E R M I N E  S E C T I O N  A N D  T I M E  S T E P .  
W R I T E  ( 3 , 3 3 )  ( C ( I ) , 1 = 1 , N E )  
D O  3 5  1 = 1 , N E  
X ( I ) = C ( I )  
3 5  X N ( I ) = 0 . 0  
T I = 0 . 0  
T = T C / 1 . 8 - A  
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i w = n  
T I X = T I  
2 9  D O  3 7  L = 1 * M  
T I X = T I X + D T I  
T I = T I + D T I  
I W = I W + 1  
I F ( T I - T I C )  3 8 , 3 8 , 4 9  
4 9  I F ( T I - T I E )  6 0 , 6 0 , 3 0  
3 0  I F ( T I - T I N )  3 8 , 3 8 , 1 4 0  
3 3  T = T + O T  
T l = T - D T / 2 .  
D O  3 4  1 = 1 , N E  
3 4  X E ( I ) = B E ( I ) * D E X P ( - E E ( I ) / T 1 )  
X E ( 3 ) = 1 . 0 - X E ( 1 )  
X E ( 4 ) = 1 . 8 8 - 0 . 5 * ( X E ( 5 ) + X E ( 6 ) + X E ( 7 ) )  
4 2  D O  4 3  1 = 1 , N E  
X N ( I ) = D T I * ( X E { I ) + C ( I ) ) / 2 . + X N { I )  
4 3  X Q { I ) = X N(n / T I X  
C  W R I T E  O U T  T H E  R E S U L T S  F O R  T H E  S T E P  
4 8  I F ( I W - N O )  5 0 , 5 5 , 5 5  
5 5  W R I T E ( 3 , 1 2 4 )  T 1 , T I  
W R I T E ( 3 , 1 2 5 J ( B C D { I ) , X E ( I ) , X 8 ( I ) , I = 1 , N E )  
1 2 4  F 0 R M A T ( 5 X , i 4 H T E M P E R A T U R E  =  , F 7 . 1 , 1 5 H D Ë G R E E S  K E L V I N . ,  
1 7 H T I M E  =  , F 7 . 2 , 1 2 H M I L L I S E C 0 N D S )  
1 2 5  F O R M A T ( / 1 0 X 8 H C D M P O U N D , i 2 X , 5 H M G L E S , 1 3 X 1 3 H A V E R A G E  M O L E S /  
1 ( 1 1 X , A 6 , 8 X 0 1 4 . 6 , 7 X 0 1 4 . 6 , / ) )  
I W = 0  
5 0  D O  5 1  1 = 1 , N E  
5 1  C ( I ) = X E ( I )  
3 7  C O N T I N U E  
D T = - D T  
G O  T O  2 9  
6 0  I W = I W - 1  
T I = T I - D T I  
0 0  5 2  1 = 1 , N E  
C ( I ) = X B ( I )  
5 2  X N ( I ) = 0 . 0  
T I X = 0 . 0  
5 9  D O  7 7  L = 1 , M  
T I = T I + D T I  
I W = I W + 1  
I F ( T I - T I E )  6 1 , 6 1 , 8 9  
6 1  T = T + D T + F * D T I / 1 . 8  
T l = T - D T / 2 .  
X S U M = 0 . 0  
D O  5 4  1 = 1 , N E  
5 4  X S U M = X S U M  +  X E ( I )  
V = X S U M * R T » T 1 / P  
D O  5 3  1 = 1 , N C  
5 3  B L ( I ) = B ( I ) * D E X P ( - E I I ) / { R N * T 1 ) )  
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0 0  6 3  1 = 1 , N E  
6 3  X E ( I ) = 8 E ( I ) * D E X P ( - E E ( I ) / T 1 )  
X E ( 3 ) = l . û - X E ( l )  
X E ( 4 ) = 1 . 8 8 - 0 . 5 * ( X E ( 5 ) + X E ( 6 ) + X E ( 7 ) )  
6 4  C A L L  i M A T C N 8 ( 8 L , V , D T I , C , X E J  
D O  5 8  1 = 1 , N E  
5 9  X 8 ( I ) = ( X E ( I ) + C { I ) ) / 2 .  
C  W % I T E  D U T  T H E  R E S U L T S  F O R  T H E  S T E P  
I F ( I W - N 0 ) 7 0 , 6 9 , 6 9  
6 9  W R I T E ( 3 , 1 2 4 )  T 1 , T I  
W R I T E  ( 3 ,  1 2 5 )  { B C D d  )  , X E {  I ) , X B (  I  ) ,  1 = 1 , N E )  
I W = 0  
7 0  D O  7 1  1 = 1 , N E  
7 1  C ( Î ) = X E ( I )  
L N = L N + 1  
7 7  C O N T I N U E  
D T  =  - D T  
G O  T O  5 9  
8 9  T I X = 0 . 0  
G O  T O  2 9  
1 4 0  W R I T E ( 3 , 1 2 ô )  W M  
1 2 6  F 0 R M A T ( 5 X , 1 1 H F L 0 W  R A T E  = , F 7 . 2 ,  
1 2 8 H P 0 U N 0 S  P E R  S E C .  P E R  S Q .  F O O T )  
W R I T E ( 3 , 1 2 7 )  F R ,  A  
1 2 7  F 0 R M A T { 5 X , 2 3 H 0 S C I L L A T I Q N  F R E Q U E N C Y  = , F 7 . 1 ,  
1 1 7 H C Y C L Ê S  P E R  S E C O N D , 5 X , I I H A M P L I T U D E  = , F 7 . 1 ,  
2 1 4 H D E G R E E S  K E L V I N )  
W R I T E ( 3 , 1 4 1 )  
1 4 1  F 0 R M A T ( 2 0 X , 7 H T H E  E N D )  
W R I T E ( 3 , 1 4 2 )  
1 4 2  F O R M A T { 2 0 X , 2 7 H I  N E V E R  T H O U G H T  I ' D  M A K E  I T )  
S T O P  
E N D  
S U B R O U T I N E  M A T C N 8 ( A , V , D T I , C , B )  
D O U B L E  P R E C I S I O N  A { 1 ) , V , D T I , C ( 1 ) , B ( 1 ) , E , F , D E X P  
0 0  1  1 = 1 , 7  
1  A ( I ) = A ( I ) / V  
A ( 8 ) = A ( 8 ) / ( V * V )  
A { 9 ) = A ( 9 ) / V  
A (  1 0 ) = A ( 1 0 ) / V  
A ( 1 2 ) = A ( 1 2 ) / V  
A ( 1 4 ) = A ( 1 4 ) / V  
E = A ( 2 ) * C ( 8 ) * C ( 2 )  
F = A ( 4 ) * C ( 8 )  
I F ( F - 1 3 0 0 . 0 )  2 0 , 2 0 , 2 1  
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2 1  B ( 9 ) = E / F  
G O  T O  2 2  
2 0  3 ( 9 ) = ( C ( 9 ) - E / F ) - D £ X P ( - F * D T I ) + E / F  
2 2  E = A ( 5 ) * C ( 5 ) * C ( 7 } + A ( 6 ) * C ( 7 ) * C ( 2 ) + A ( i l ) * C ( 3 ) +  
1 2 . * A ( 1 3 ) * C ( 2 ]  
F = A ( 3 ) * C ( 1 ) + A ( 4 ) * C ( 9 ) + A ( 1 ) * C ( 6 ) + A ( 1 0 ) * C ( 4 ) + A ( 2 ) * C ( 2 ) +  
1 A ( 9 ) * C ( 5 )  
I F { F - 1 3 0 0 . 0 )  3 0 , 3 0 , 3 1  
3 1  B ( 8 ) = E / F  
G O  T O  3 2  
3 0  B ( 8 ) = ( C ( 8 ) - E / F ) * 0 E X P ( - F * D T I ) + E / F  
3 2  E = A ( 9 ) * C ( 5 ) * C ( 8 ) + A ( 1 0 ) * C ( 4 ) * C ( 8 )  
F = A ( 5 ) * C ( 5 ) + A ( 6 ) * C ( 2 )  
I F I F - I B C C . O )  4 0 , 4 0 , 4 1  
4 1  B ( 7 ) = E / F  
G O  T O  4 2  
4 0  B ( 7 ) = ( C ( 7 ) - E / F ) * D E X P ( - F * D T I ) + E / F  
4 2  E = 2 . * A ( 3 ) * C ( 5 ) * C ( 5 ) * C ( 2 )  
F = A ( 1 ) * C ( 8 J + A ( 1 4 ) * C ( 1 )  
I F ( F - 1 8 0 0 . 0 )  5 0 , 5 0 , 5 1  
5 1  B ( 6 ) = E / F  
G O  T O  5 2  
5 0  S ( 6 ) = ( C ( 6 ) - E / F ) * D E X P ( - F * D T I ) + E / F  
5 2  E = A ( 6 ) * C ( 7 ) * C ( 2 ) + A ( l ) * C ( 6 ) * C f 8 ) + A ( 1 0 ) * C ( 4 ) * C ( 8 ) +  
1 2 . * A { 1 2 ) * C ( 4 ) » C i 2 ) + A ( 1 4 ) * C ( 6 ) * C ( l )  
F = A ( 5 ) * C ( 7 ) + 2 . * A ( 7 ) * C ( 5 ) + 2 . * A ( 8 ) * C ( 5 ) * C ( 2 ) + A ( 9 ) * C ( 8 )  
I F ( F - 1 8 0 0 . 0 )  0 0 , 6 0 , 6 1  
6 1  B ( 5 J = E / F  
G O  T O  6 2  
6 0  B ( 5 ) = { C ( 5 ) - E / F ) * D E X P ( - F * D T I ) + E / F  
6 2  C O N T I N U E  
R E T U R N  
E N D  
start 
j T=T+DT^ * I Yes Yes 
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Figure 27. Simplified block diagram for dynamic calculations, quasi-equilibrium, 
and point-to-point equilibrium 
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C  D Y N A M I C  C A L C U L A T I O N  
D I M E N S I O N  B C D { 9 )  
D O U B L E  P R E C I S I O N  B ( 1 4 )  , C  (  9 )  , X (  9 )  , X i M {  9 )  , X B ( 9 )  , B L (  1 4 )  
D O U B L E  P R E C I S I O N  E ( 1 4 ) , D T I , D T , T I  
D O U B L E  P R E C I S I O N  T I C , T I E , T I N , F , X S U M , V , T , D S I N , D C O S , T I  
D O U B L E  P R E C I S I O N  D E X P » B E ( 9 ) , E E ( 9 ) , X E ( 9 ) , T I X , C X ( 4 )  
C  I N I T I A L  P A R A M E T E R S  
W R I T E ( 3 , 8 )  
8  F O R M A T  ( 1 H 1 , 2 0 X , 1 0 H I N P U T  D A T A )  
R E A D ( 1 , 1 )  N C , N E  , M t  N ,  N O  
R E A D  ( 1 , 2 )  T C , T E , A , W M , F D , C D , E X D , P M A  
R E A D  ( 1 , 2 )  F R , P , D T I , D T , P F i 2 , P M 3 , G M  
R E A D ( 1 , 6 )  ( B C D d  )  , I = 1 , N E )  
R E A 0 ( 1 , 4 ) ( B ( I ) , I = 1 , N C )  
R E A D ( 1 , 4 )  ( E d )  , I = 1 , N C )  
R E A D ( 1 , 4 ) ( B E ( I ) , 1 = 1 , N E ) , ( E E ( I ) , 1 = 1 , N E )  
R E A D ( 1 , 5 )  ( C ( I ) , I = l , N c > , ( C X ( I ) , I = l , N )  
W R I T E  ( 3 , 9 )  N C ,  N E ,  M  
3 3  F 0 R M A T { 3 X , 5 F 1 0 . 6 )  
9  F O R M A T ( l O X , 3 1 4 )  
W R I T E  ( 3 , 2 )  T C r T E » A , W H , F D , C D , E X D , P M A  
W R I T E ( 3 , 1 5 )  ( B C D Î I ) , I = 1 , N E )  
1 5  F O R M A T { 5 X , 1 3 A 6 )  
W R I T E  ( 3 ,  1 6 )  ( B ( I )  , I  =  1 , N C )  ,  ( E d )  , I = 1 , N C )  
1 6  F O R M A T ! 5 X , 5 0 1 5 . 6 )  
1  F O R M A T ( 1 0 1 2 )  
2  F O R M A T ( 8 F l Û - 5 )  
3  F O R M A T ( E 1 0 . 2 )  
4  F O R M A T ( 5 0 1 5 . S )  
5  F O R M A T  ( 5 0 1 5 . 6 )  
6  F O R M A T  ( 1 3 A 6 )  
R T = 0 . 0 8 2 0 5  
R N = 1 . 9 S 7  
R = 0 . 7 3 0 2  
C  C A L C U L A T E  T I C ,  T I E ,  A N D  T I N .  
T I C  =  ( l . E 3 ) * P * P M A » F 0 / ( W M * R * T C )  
P M A = P M 2  
T I E  =  T I C  +  ( l . E 3 ) * P * C D * P M A / ( W M * R * ( T C + T E ) * 0 . 5 )  
P M A = P M 3  
T I N  =  T I E  +  ( l . E 3 ) * P * P M A * E X D / ( W M * R * T E )  
F  =  ( T C - T E ) / ( T I C - T I E )  
W R I T E  ( 3 , 1 1 )  T C , T E , T I C , T I E , T I N  
1 1  F O R M A T  ( 2 F 1 5 . 3 , 3 0 1 5 . 0 )  
C  D E T E R M I N E  S E C T I O N  A N D  T I M E  S T E P .  
W R I T E  ( 3 , 3 3 )  ( C ( I ) , 1 = 1 , N E )  
D O  3 5  1 = 1 , N E  
X ( I ) = C d )  
3 5  X N ( I ) = 0 . 0  
T I = 0 . 0  
T = T C / 1 . 8 - A  
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IW=0 
2 9  D O  3 7  L = 1 , M  
T I = T I + D T I  
2 2  I W = I W + 1  
I F ( T I - T I C )  3 0 , 3 0 , 3 1  
3 0  T = T + D T  
T I X = T I  
T l = T - D T / 2 .  
G O  T O  3 6  
3 1  I F ( T I - T I E )  3 2 , 3 2 , 3 8  
3 2  T = T + D T + D T I * F / 1 . 8  
T I X = D T I  
D O  2 5  1 = 1 , N E  
2 5  X N ( I ) = 0 . 0  
T l = T - 0 T / 2 .  
3 6  X S U M = 0 . 0  
0 0  1 0  1 = 1 , N E  
1 0  X S U M = X S U M + X ( I )  
V  =  X S U M * R T * T 1 / P  
D O  4 0  1 = 1 , N C  
4 0  3 L { I ) = B ( I)*DeXP ( - E { I ) / ( R N * T l ) )  
4 2  C A L L  M A T C N 7 ( B L , X , C , D T I , T i , 3 E , V , E E , C X )  
D O  4 3  1 = 1 , N E  
X N ( I ) = D T I * ( X ( I ) + C ( I ) ) / 2 . + X N ( I )  
4 3  X 8 ( I ) = X N ( I ) / T I X  
C  W R I T E  O U T  T H E  R E S U L T S  F O R  T H E  S T E P  
4 8  I F d W - M O )  5 0 , 4 9 , 4 9  
4 9  V m i T E ( 3 , 1 2 4 )  T 1 , T I  
W R I T E ( 3 , 1 2  5 ) ( B C D ( I ) , X ( I ) , X B { I ) , I = 1 , N E )  
1 2 4  F O R M A T ( 5 X , 1 4 H T E M P E R A T U R E  =  , F T . 1 , 1 5 H D E G R E E S  K E L V I N . ,  
1 7 H T I M 5  =  , F 7 . 2 , 1 2 H M I L L I S E C Q N 0 S )  
1 2 5  F 0 R M A T ( / 1 0 X 8 H C 0 M P D U N D , 1 2 X , 5 H M a L E S , 1 3 X 1 3 H A V E R A G E  M O L E S /  
l î i i X , A 6 , 3 X D 1 4 . 6 , 7 X 0 1 4 - 6 , / ) )  
1  w = o  
5 0  D O  5 1  1 = 1 , N E  
5 1  C ( I ) = X ( n  
3 7  C O N T I N U E  
D T = - D T  
G O  T O  2 9  
3 8  T I = T I - D T I  
I W = I W - 1  
T I X = 0 . 0  
D O  9 9  1 = 1 , N E  
9 9  X N { I ) = û . G  
6 9  D O  6 7  L = 1 , M  
T I = T I + D T I  
I W = I W + 1  
I F ( T I - T I N )  3 4 , 3 4 , 1 4 0  
3 4  T = T + O T  
T I X = T I X + D T I  
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T l = T - D T / 2 .  
X S U M = 0 . 0  
0 0  2 0  1 = 1 , N E  
2 0  X S U M = X S U M + X ( I )  
V = X S U M * R T » T 1 / P  
D O  6 0  1 = 1 , N C  
6 0  B L ( I ) = 8 { I ) * 0 E X P ( - E ( I ) / { R N * T 1 ) )  
C A L L  M A T C N 7 ( 3 L , X , C , D T I , T 1 , 3 E , V , E E , C X )  
D O  7 3  1 = 1 , N E  
X N ( I ) = D T I * ( X ( I ) + C ( I ) ) / 2 . + X N { I )  
7 3  X B ( I ) = X M ( 1 ) / T I X  
7 8  I F C I W - M O )  7 0 , 8 9 , 8 9  
8 9  W R I T E ( 3 , 1 2 4 )  T 1 , T I  
W R I T E ( 3 , 1 2 5 ) ( B C D ( I ) , X { I ) , X B ( I ) , I = 1 , N E )  
IW=0 
7 0  D O  7 1  1 = 1 , N E  
7 1  C ( I ) = X ( I )  
6 7  C O N T I N U E  
D T = - D T  
G O  T O  6 9  
1 4 0  W R I T E ( 3 , 1 2 Ô )  W M  
1 2 6  F O R M A T ( 5 X , 1 1 H F L 0 W  R A T E  = , F 7 . 2 ,  
1 2 S H P 0 U N D S  P E R  S E C .  P E R  S Q .  F O O T )  
W R I T E ( 3 , 1 2 7 )  F R ,  A  
1 2 7  F 0 R M A T ( 5 X , 2 3 H Q S C I L L A T I C N  F R E Q U E N C Y  = , F 7 . 1 ,  
1 I 7 H C Y C L E S  P E R  S E C O N D , 5 X , 1 1 H A M P L I T U D E  = , F 7 . 1 ,  
2 1 4 H D E G R E E S  K E L V I N )  
W R I T E ( 3 , 1 2 8 )  G M  
1 2 8  F O R M A T  (  l . Q X , 7 H G A M M A  = , F 7 . 3 )  
W R I T E ( 3 , 1 4 i )  
1 4 1  F O R M A T ( 2 0 X , 7 H T H E  E N D )  
W R I T E ( 3 , 1 4 2 )  
1 4 2  F O R M A T ( 2 0 X , 2 7 H I  N E V E R  T H O U G H T  I ' D  M A K E  I T )  
S T O P  
E N D  
S U B R O U T I N E  M A T C N 7 ( A , B , C , D T I , T 1 , B E , V , E E , C X )  
D O U B L E  P R E C I S I O N  X E ( 1 3 ) , T 1 , D E X P , V  
D O U B L E  P R E C I S I O N  8 E ( 1 ) , E E ( 1 ) , C X ( 1 )  
D O U B L E  P R E C I S I O N  A ( 1 ) , S ( 1 ) , C ( 1 ) , D T I , D A B S  
D O  6  1 = 1 , 9  
6  X E t I ) = B E { I ) * D E X P ( - E E ( I ) / T 1 )  
X E < 4 ) = 0 . 5 * ( C X ( 3 ) - X E ( 5 ) - X E ( 6 ) - X E { 7 ) )  
X E ( 3 ) = C X { 1 1 - X E ( 1 )  
X E ( 2 ) = 0 . 5 * ( C X ( 2 ) - X E ( 1 ) - 2 . * ( X E ( 3 ) + X E < 6 ) ) - X E ( 5 ) - X E ( 8 ) -
1 3 . * X E ( 9 ) )  
137 
00 4 1=1,7 
4 A(I)=A(I)/V 
A(8)=A(8)/(V*V) 
DO 5 1=9,10 
5 A(I)=A{Ï)/V 
A{12)=A(12)/V 
A(14)=A(14)/V 
00 2 1=1,14 
IF(DABS(A(I))-l-E-50) 1,1,2 
1 A(I)=0.0 
2 CONTINUE 
DO 3 1=1,4 
3 B(I)=XEII) 
E=2.*A(4)*8(8}*B(9)+A(7)»B(5)*S(5)+A(9)*B(5)*8(8)+ 
1A(1)*B(6}*8(8) 
F-A f6}*9(7)+A(8)*B(5)*B(5)+A(2)*B(8)+A(12)*8(4)+A(13) 
IF(F-1800.G) 7G,7G,71 
71 B{2) = E/F 
GO TO 72 
70 B(2)=(C(2)-E/F)*DEXP(-F*0TI)+E/F 
72 E=A(2}*B(8)*B(2) 
F=A(4)*8(8) 
IFCF-18DQ.0) 20,20,21 
21 B(9)=E/F 
GO TO 22 
20 B(9}=(C(9)-E/F)*OEXP(-F*OTI)+E/F 
22 E=A(5)*B(5)*B(7)+A(6)*B(7)*B(2)+A(11)*B(3)+ 
12.*A(13)*3(2) 
F=A(3)*B{1)+A(4)*B(9)+A(9)*3(5)+A(1)*B(6)+A(10)*B(4)+ 
1A(2)*8(2) 
IF(F-180C.0) 30,30,31 
31 8(8) = E/F 
GO TO 32 
30 B(8)=(C(8)-E/F)*DEXP(-F*DTI)+E/F 
32 E=A(9)*a(5)*B(8)+A(10)$B(4)*B(3) 
F=A(5)*B(5)+A(6)*B(2) 
IF(F-180Û.0) 40,40,41 
41 B(7)=E/F 
GO TO 42 
40 B(7)=(C(7)-E/F)*DEXP(-F*DTI)+E/F 
42 E=2.*A(8)*B(5)*B(5)*B(2) 
F=A(1)*8(8}+A(14)*B(1) 
IF(F-1800.0) 50,50,51 
51 8{6)=E/F 
GO TO 52 
50 B(6)=(C(6)-E/F)*DEXP(-F*0TI)+E/F 
52 E=A(6)*B(7)*B(2)+A(1)»B(6)*B(8)+A(14)*B(6)*BI1)+ 
1A(10)»B(4)*S(8)+2.*A(12)*B(4)*B(2) 
F=A(5)*B(7)+A(9)*B(8)+2.*(A(7)*B(5)+A(8)*B(2)*B(5)) 
IF(F-1800.0) 00,60,61 
% 
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61 8(5)=E/F 
GO TO 62 
60 B(5)=(C(5)-c/F)*DEXP(-F*DTI)+E/F 
62 CONTINUE 
RETURN 
END 
SUBROUTINE MATCN8(A,B,C,DTI,Tl,BE,V,EE,CX) 
DOUBLE P R E C I S I O N  XE(13),T1,DEXP,V 
DOUBLE PRECISION BE{11,EE(1),CX(1) 
DOUBLE P R E C I S I O N  A(1),8(1),C(1),DTI,DA8S 
DO 6 1=1,13 
6 XE(I)=3e(Il*DEXP(-EE(Il/Tl) 
XE(3)=CX{1)-XE{1) 
XE(4)=0-5*(CX{3)-XE(5J-X£(ô)-XE(7)) 
XE(13)=0.5*(CX(4)-XE(10)-2.*XE(li;-XE(12)) 
DO 4 1=1,7 
4 A(I)=A(I)/V 
A(8)=A(8)/(V*V) 
DO 5 1=9,10 
5 A(I)=A{I)/V 
A(12)=A(12)/V 
DO 23 1=14,27 
23 A(I)=A{I)/V 
DO 2 1=1,23 
IF(DABS(À(I))-l.E-50) 1,1,2 
1 A(I)=0.0 
2 CONTINUE 
DO 3 1=1,4 
3 B(I)=XE(I) 
102 E=A(2)*B(8)*B(2) 
F=A(4)*8(8) 
IF(F-1300.0) 20,20,21 
21 B(9)=E/F 
GO TO 22 
20 B(9)=(C(9)-E/F)*DEXP(-F*0TI)+E/F 
22 E=A(5)*B(5)*B(7)+A(6)*B(7)*B(2)+A(11)*B(3)+ 
12.*A(13)*B(2)+A(22)*B(10)*8(12)+A(23)*B(12)*B(12)+ 
2A(18)*B(10)*B(2) 
F=A(3)*B(1)+A(4)*8(9)+A(g)*8(5)+A(1)I6)+A{10)*B(41+ 
1A(2)*B(2)+A(21)*8(11)+A(27)*B(13)+A(19)*B(12) 
IF{F-1800.0) 30,30,31 
31 B(8)=E/F 
GO TO 32 
30 B(8)=(C(3)-E/F)*DEXP(-F*DTI)+E/F 
32 E=A(9)*B(5)*B(8)+A(10}*B(4)*B(8) 
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F=A(5)»B(5)+A(6)*S(2) 
IF(F-18aG.Q) 40,40,41 
41 B(7)=E/F 
GO TO 42 
40 B(T)={C{7)-£/F)^DEXP(-F*0TI)+E/F 
42 E=2.*A(8)*B(5)*B(5)*B(2)+A(26)*B(5)*B(12) 
F=A(1)*B(8)+A(14)*B(1)+A(15)*B(10) 
IF(F-i800.G) 50,50,51 
51 B16) = E/F 
GO TO 52 
50 8(6)=(C(6)-E/F)*DEXP(-F*DTI)+E/F 
52 E=A(6)*B(7)*B(2)+A(l)*B(6)*B(8)+A(14)*Bi6)*B(lH 
1A(10)*B(4)*B(8)+2.*A(12)*8(4)*B(2)+A(15)»B(6)*8(10) 
F=A(5)*B(7)+A(9)*B(8)+2.*(A(7)*B(5)+A(8)*B(2)*B(5))+ 
1A(26)*B{12) 
IF(F-180G-0) 60,60,61 
61 8(5) = E/F 
GO TO 62 
60 3(5)=(C(5)-E/F)*DEXP(-F*DTI)+E/F 
62 E=A(17)*6(12)*B(1)+A(19)*B(12)*B(8)+A(21)*B(11)*B(8)+ 
1A(24)*B(11)»B(12)+A(26)*B(5)*B(12)+2.*A(28)*B(11) 
F=A(15)*B(6)+A(16)*B(3)+A(18)*B(2)+2.*A(20)*B(10)+ 
1A(22)*B(12)+A(25)*B(13) 
IF(F-i800.0) 70,70,71 
71 B(10)=E/F 
GO TO 72 
70 B(10)=(C(10)-E/F)*DEXP(-F*0TI)+E/F 
72 E=A(22)»B(ia)*B(12)+A(25)*B(lQ)*B(13)+A(20)»B(10)*B(10) 
F=A(21)*B(8)+A(24)*B(12)+A(28) 
IF(F-1800.0) 80,30,81 
81 B(11)=E/F 
GO TO 82 
80 8(11)=(C(11)-E/F)*DEXP(-F»DTI)+E/F 
82 E=A(15)*B(6)*B(10)+A(16)*B(3)*B(10)+A(18)*B(2)*B(10)+ 
1A(21)»B(ll)*a(8)+A(25)*B(10)*B(13)+2.*A(27)*B(13)*B(8) 
F=A(17)*B(1)+A(19)*&(8)+A(22)*8;10)+2.*A(23)*B(12)+ 
1A(24)*B(11)+A(26)*B(5) 
IF(F-1800,0) 90,90,91 
91 B(12)=E/F 
GO TO 92 
90 B(12)=(C(12)-E/F)*DEXP(-F*0TI)+E/F 
92 CONTINUE 
B{13)=0.5*(CX(4)-B(12)-3(10)-2,*B(11)) 
B(4)=0.5*(CX(3)-B(5)-B(6)-B{7)) 
RETURN 
END 
